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torlat  of  tka  ipttttf  ttraoooo  aad  ground 
act  loot  os  o  fuacUau  of  burst  petition,  soil 
loll c*a  aad  burator  loyar  thick****  y 

MCiuiotiMD  \ 

Non.  tkaa  on  hundrad  uplMloa  toad  tan 
boa..  ptrfotMf  ouar  tka  pm  11  pun  In  sell  to 
okorsciarUo  tSt  ground  sboak  producad  by  burial 
Cm  motional  nallitaa.  Lnnpnnp  (1)  ctaftcttf 
ploanarlag  toad  daring  World  Wnr  U  with  burial 
cbsrgaa  la  oooorol  aoll  typo*  fm  wklch  cubs 
root  scaling  ooa  dsvs  '.opau  sol  vsrlflsd.  Fu  i  loo  ■ 
lot  Uaysoa'a  lsol,  tka  MKI  sal  OTT  taata  (1,1) 
uare  conduct  *d  la  tka  aorly  1IV01 1  to  astoel  tka 
ground  akocb  data  bass  to  otkar  soils  osl  rocks. 

I  lac*  tkat  lias  nan/  otkar  burlsl  bcrat  data 
Mrs  boas  conduct*!  tu  a  wtd*  ssrlsty  of  toll  a 
witk  ckargat  from  1  pouad  to  SOh  toss  (4-11). 

Haay  otkar  anil  1 -seal*  tost*  kayo  400a  usraportad. 

Taata  pe rfornpd  for  apbclal  projtcc*  pro- 
ducod  tka  first  aaosurwasato  of  atrassaa  dlioctly 
boasatk  n**r-*urt*et  UPiMtoM  oa  bura.tr  aloba 
(11,11).  Oouollag  of  shallow  axploatooa  t roa 
psa* trot l*|  utapoas  uos  lavnatlgirod  by  Ugran  (S) 
la  tka  CWtl  prc>4raa  sal  by  Drabs  ar :  Llttla  (un- 
rsgof  tsO .  brown.  or  at  (14),  t-rsostlgntari  tka 
props** Uos  of  ground  shock  t trough  reck  rub* It 
osarlaya.  ul  totslsl,  aora  tkas  10  taata  kava 
bona  eoaloctssJ  just  to  lataralns  arploolm  cw 
plln*  ft-»  partially  korUI  wasyoas  lo  burator 
*l-o*. 

•round  ataock  1st*  f roa  tkoss  taata  vara 
drawn  tops  that  and  sanlyas)  to  provldt  to  up  lata 
to  tka  Arwy  4Ml*a  annul  I ,  T*  5-151-1 ,  "Pund*- 
nsatals  of  Trotactlan  Dnalga  for  Ooaaaatloaal 
Wnapon*.**  Tka  rasult  of  that  analysis  Is  tka 
basis  far  this  papsr.  Das  to  tka  limit  ad  apses 
pros  14*1,  only  tka  satirical  prodlctloe  *gua* 
tluna  art  gtme. 


cboo®  moat  trmat 

5k*  ground  thotk  producsl  by  bonkt  trplolltp 
an  ot  altklo  tka  ground  a**r  burltl  itrwcturaa  gan- 
artlly  provisos  tka  danlaint  tkrnat  to  tbnna  fnctl- 
i.laa,  I trots**  f roa  burial  burati  caa  ba  irnatar 
In  na^ltsda  and  ntek  longar  duration  tkan  corra- 
• Pood  lag  bursts  Is  sir. 

Significant  anbancanant  of  tka  atraaaaa  and 
ground  not  tons  trill  occur  at  tka  uaapoo  ptott  rtttt 
nora  daoplr  lato  tka  aurroundlng  toll  or  kackflll 
bafora  it  lane t atst .  Oftsa,  pro t *c t In  layara  of 
cone  rata  or  rock  rubbla  art  provldad  osar  tka 
it  rue  turn  to  Halt  tka  uoapoo  pnnstrttl-s  tbu*  re* 
due  lag  tkt  af  faetlva  coupling  of  tka  oa/loalos  and 
Intrusting  tka  unapon  atandoff, 

laps  r  tael  snrlablaa  af  fact  lag  tkt  intnnslty  of 
tka  loodtag  art  1  a)  uoapoo  tlat  and  dlatnnca  to 
tkt  atmetnrs,  b)  tka  sscknnlcal  proportion  of  tka 
toll  or  rock,  and  c)  tka  dapth  of  panatratloo  of 
tka  uongos.  Of  tkssa  factor*,  tka  affact  of  sou 
or  ruck  propartlss  Is  Isast  prnllcttbls  by  slspla 
kandboob  ant kola .  Crousl  aksck  latosalty  nay  vary 

by  nut*  iH*«  In  u,4sr«  uf  Mssllwds  skss  Us  suil 

la  varied  fron  low  lautlty  dry  soils  to  sstsratol 
clays. 

Tkart  nra  two  Uaportaac  cassa  to  conaldar  lo 
asnasalnp  tka  ground  akock  tkrsst  to  burial  taclll- 
tloai  1)  banka  that  aaplod*  ovsrkasl ,  gana rally 
00  or  within  tbs  p  rotted  vs  concrsd  or  rock  rub- 
bls  ovarlsy,  causing  a  dlract  loading  of  tka  roof 
•lab,  and  1)  uaapena  tkat  poostrata  into  tba  aur- 
roundlns  poll  sad  dstonsts  bsslda  tbs  facility 
loading  tbs  walla  and  flocr.  Uklla  tka  anas  gan- 
aral  ground  akock  p rod 1 c l too  aguat Ion*  apply  for 
bock  cssna,  tka  rota  of  tka  ale*  gaology  and  tka 
protoctlvs  ovorlay  rag* trot  a  aonawklt  dlfftrnat 
application  ot  tkas*  agnations.  Tksss  cans*  ara 
tbnwn  In  PI  fur*  1, 

•oa  nomrr  men 

Ground  nbock  propagation  in  *1  •  k  aadls  1'  * 
conplcs  function  of  tka  dynsnlc  coast  1 tut  1 vs  prvp- 
artlna  ol  tka  aoll,  tba  wcplosivo  product*  and 
tba  gins* try  of  tba  nxploslon.  do  alagla  aoll 
endnx  or  coablnatto*  uf  Indies*  can  adoguattly 
dascrlba  thla  procaas  la  a  itapl*  way  for  all 
casaa. 

Us tar  caa  ham  a  profound  lnflusac*  oa  ground 
abrek  propagntiaa  is  cobsslvo  noils,  particularly 


( 


Figure  1.  Coventry  for  ssylostira  t(il«ar  • 
bur  1*4  IkUIc, 


as  saturation  reecho*  IJ  percent  at  irsattf. 
Typically  wittr  la  fully  sound  silk  tka  skeletal 
structures  far  thus*  anils,  yrovlflag  slgntft- 
caat  contribution  to  tka  overall  stiffness  and 
strength  of  the  soil  structure.  As  oaturatlaa 
approach*  100  percent,  pronounced  lacrosses  la 
peak  itraiMa  and  accslaretluaa  kaw  boon  ob¬ 
served  la  wet  clays,  clay  ahalea  and  sandy  clays. 
Straus*  similar  ta  akMk  woven  In  fraa  water 
have  hone  noted  In  saturated  days.  Saturation 
as  asaasrel  by  free  stead lag  watar  ta  k^rohelaa 
nay  not  be  as  accurate  aaaaure  of  the  true  sat¬ 
uration  depth,  nertlculerly  where  seasons)  weter 
table  fluctuatioev  Introduce  snail  samara  of 
air  lato  tha  soil,  talanlc  aurvaya  |anavally 
will  show  a  sharp  June  U  tha  wave  epeed  to  no  re 
than  5000  fast  par  eecond  at  this  depth. 

Granular  sella  with  high  relative  dseslty 
ere  generally  not  etreagly  iullwoncod  by  wstor 
saturation  aa  ara  cob salve  tolls.  Tha  stiffness 
of  granular  toll  la  provided  by  the  grain  to 
groin  contacts  Is  tbs  skeleton  with  only  s  snail 
contribution  by  the  free  voter.  Oraaeeuaatly. 
controlled  laboratory  aad  field  axperiamte  In 
dense  nearly  saturated  eaada  did  sot  efcmt  large 
influence  of  the  pare  water  oa  the  resulting 
shock  wave  prop  sea  ties,  tkwevar,  the  affects  of 
ueter  la  law  relative  density  sands  can  produce 
similar  effects  es  those  seen  In  cohesive 
soils  (11).  In  Uses  cosss,  the  noil  skeleton 
can  collapas,  aad  tha  grain  to  grata  contact 
lost  resulting  la  high  pore  preeeures  aa  the 
saod  liquifies.  Iheee  sites  would  not  no  molly 
ha  considered  for  construction  of  hardened 
facilities. 

Islamic  velocity,  c  ,  Is  oftsa  used  ts  a 
cruda  laden  of  noil  or  rock  properties  for  ground 
shock  prediction  purposes.  It  provides  a  staple 
anasura  of  tha  at If fossa  end  the  density  of  tha 
soil  thru  tha  relationship 


where  M  la  tha  atlf  fanes  or  nodular  of  tha  soil 
acid  o  la  Its  anas  density .  The  ealemic  veloc¬ 
ity  also  provide#  a  relationship  ha  tween  distance 
aad  Use. 


A  (t»u  deal  of  caution  nus  be  used  In  gen¬ 
eralising  he  use  of  sotselc  velocity  *e  *  gtrund 
shock  tndea.  tsaaetoit  -a  In  granular  soils  such 
as  dry  dtsart  ulluvtun  sty  result  In  tbncranilr 
hlgn  propsgvtlon  velocities  (spyrosrhitig  4000  feet 
per  turned)  Yst  thus#  actertals  nay  sshlbu  rary 
high  sir  filed  voids  and  low  slat  Ira  dsnaltlss-- 
euslltlti  it. at  would  classify  :hsn  at  very  p  x>r 
trsnanlttcrs  of  ground  shock.  Low  tslsntc  veloc¬ 
ities,  on  lh«  other  ham*,  would  generally  Indicate 
poor  ground  shock  transmission  qualities, 

The  attenuation  rats  utth  range  of  the  ground 
shock  nsgnl’uis  it  ''tirolfaf  ky  tha  Irreversible 
crushing  of  :  he  void  votive  ulthln  the  soil  aatrts 
by  the  passage  of  the  stress  wave,  to  cohot  I vs 
soils,  the  volume  of  tha  sir  filled  voids  1*  aa 
tndaa  for  atienuatton  of  greeed  notions,  uh  Is  tha 
belt  tndea  t<  r  attenuation  rates  In  granular  audio 
la  tha  relative  density,  bnceuao  relative  density 
ts  not  etway  avetlab.e,  dry  unit  weight  can  bs  so 
affective  l»'ex  for  pr.'ued  shock  attsnuaclor. 
tolls  with  k  gh  relative  density  (high  dry  lonstty) 
or  low  sir  voids  wttl  attenuate  the  ground  <hock 
tsora  slowly  than  leu  relative  density  or  Myh  sir 
void  notarial*.  Ptgnro  1  show*  tha  peak  stress 
free  snplotlons  la  typical  soils. 


figure  1.  Nek  stress  Iron  explosions 
In  very  leg  noil  typos 
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CtQCKT  SHOCK  rUftlCTIOKS 

V  r«*a  and  partUi*  value l ty  pulav  ha 

chttartar 1  ltd  br  aapoanrt 1*1  like  t  l*r  M»(ot  III 
that  dacay  rapldlr  In  •  '.plitud*  and  br.  *dt  a* 
that  propagata  oitvard  fro*  lha  anploa.on.  Tha 
c Har *e t *r 1  el ic  t i*»  foi  t  ttta  t  1m  hl»to*  '  •*  can 
b«  Maav.rad  in  arrival  t  Iwa  f  r  oaa  tha  <mj  ta, 

t  ,  «H»ra 
a 


R  la  v  ha  distance  (rob  tha  aaploalon  a* !  <  * 

tha  •  atmlr  or  propagation  velocity.  c*Ka*l> 
tha  at  wavs  (wm  rlaa  oharplr  to  tha  p  *fc  v.th 
t Sa  rvaa  tint,  tf 


t  -  o .  i  t  u’i 

r  a 

t  hi  f  *  aliMjt  1/10  of  tha  tv  aval  t  i*a  t«  ih«*  tar- 
ga,  Int  .  Troa  tha  paak,  tha  pulaa  da*  ly  anno- 
t <  v.  illy  with  t  1m  to  »vaarlY  *cro  (n  l  1 
tit'. I  t  tan  glvan  bv  tha  following  iv  i.  tl.>ni 

•  it  /t 

r(t)  -  r  a  t  >  0 

o 

•Rt /t 

V  ( t )  •  V  (1  -  t  '  t  )a  *  i  *  0  i  UO 

O  A 

j4tat«  PCt)  la  tha  atraaa  V  la  tha  fart  tela 
val-city,  and  ->  and  r  ara  t  lua  conatuua. 

Uhi’a  tha  l  ixa  mnataoia  ganarallv  vary  with  apa- 
erf  c  aria  coixuuom,  may  ;«u  V*  '• 


i  -  1,0 


fot  no* t  application*.  and  V  ara  valuta  of 

t hr  p**k  atraaa  and  par  tie  la  valocltv  to  n*  datai - 
mix  d  by  i ha  following  tquac loo* .  Othar  wavaform 
parJMttri  auch  at  l^Kjlaa ,  dlaplacatMnt  *d  ar¬ 
ea  . arat Iona  nay  ba  iarlvwd  fro*  thaaa  function*. 

tinea  tha  charactar l*t U  i  La*  i»  inva^aa'y 
pr«  <ort  total  (u  aalaMic  valocity,  axploalooo  In 
high  velocity  *»dia  auch  aa  aaturatad  clay  will 
pn  h*c«  vary  abort,  high  fraavaancy  pulsaa  vie* 
ht*n  aocalaratloM  and  low  dlaplacaraanta .  On  tha 
h*od,  datocatloea  In  dry  locaa  natarlaia 
«ri  c*u»»  Arch  IcK-ftr  deration,  low  t  r+qoarve  y 
|n>*4  Motion*. 

fnnk  partlcla  walocl’y  and  p**k  atrwaa  aru 
ral  utd  by 


f  -  re  V  (A) 

o  o 


vt».  ra  ro  la  tha  paab  praiaa*1..  ipalU  V,,  it  t  h* 
paak  panic  la  /•toettv  tft'aac),  ac  U  t  ha  p^ik 
tie  ca )  arat  ton  vg'a),  •* ,  tl»*  paab  dlafla. •- 
went  <f|l,  lp  n  tha  iwai  l*i>ulaa  ipM-aa*M, 

;•  the  *aa»  ana  Ur  Jib-ar-  (t*),  *.  la  tha  aa  1  a 

-\v  valet  it?  I  f  t ,  ta\  * ,  .i  la  tha  acouatx*  l»pad- 
MK#  (pal /'  t  /••*  ) ,  R  la  the  Jlnarv  a  to  i  ha  a*- 
ploa'oft  »1t),  W  .•  thr  >  hi*ja  wight  (lh‘,  and  | 
la  iht  tt'.jplirvp  f*.t  tor  for  naar  au.faca  dat.'na- 
Ilona.  tor  praltnlnarv  daalgn  , on* Idar at  Iona  (hr 
folUtving  taUla  la  aippaatad  (o*  a. ‘.acting  the 
aatmU  /aUn  ltr,  a«  matlc  i*padani  •  And  attat.ua- 
t  Ion  <  *af  f  lc  iutti  a  : 

s"u  ist u>  oM.miina>  »>  ■ 

N«  I  *at%  v.  ,11' 

N  »  ‘  1 1  v  a  C  I  •  r 

^.lail^l  rwav  r  I  p*  *  *•  i’kl  f;  a*.  n 

U-  'it,  dry  a  and  a  *<*0  i  •  '  '  •' 

-r  i  gravaia  with 

lv>w  talal  lv«  .‘miu  ' 

Sandv  lo^a.  U  aaa ,  UVO  .s'  ,  s 

4( *  aanda  aad 

bat  Mill 

Pa*»*«  •arv.1.  wlh  )  bOO  o  ' 

h»-h  ra  lat  lw 
<*♦*•»» 

w«t  aa*  'y  »  la<r  with  5  *0*3  »*  •  "* 

air  vol,  •  ( gr aatar 

l  ttM  *  wivtnl  ) 

Saturat'd  aa*d>  *•  V-:.S 

claya  a»J  aaavda 
with  an<*  1 1  a*t>M*  t 

ol  air  v«ida  (laa* 
than  *  tWrcawl) 

n*avy  Ulur«ia4  ''000  ISO-lbO  1 .  S 

claya  anl  tl«v 

aha  la* 


wtMi <  o  1*  tS*  mi  d«*lty.  rr**-(;«u 
•  tinut*  sod  (round  oot loss  ( roo  bosks  datoesttog 
oo  »od  vKKLa  kurstsr  lsy«r<  or  le  ths  soil  sloag 
•tdr  tbs  itructurs  srs  glv«o  is  tbs  following 

sxg- «stlo«s ; 


A  ours  dstsilod  Jsscrlyllos  Is  provided  In 
Tskls  1  for  soils  sorouetsrsd  Is  ssplosloo  tsst  pro- 
,r«M.  Sisals  soil  psrswetsrs  s.ch  st  wst  sad  ury 
unit  wsljhts,  sir  fl'lsd  -oU's  sad  Missile  vsloeltv 
srs  sbowi  to  ssslst  '  ■  rslstiog  tbs  ssplosloo 
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eifect*  iiacaucars  to  the  design  joil  conditions. 
Note  that  tha  attenuation  coefficient  tad  Sata¬ 
nic  velocity  era  closely  related  to  dry  unit 
weight  for  granular  soils  while  air  void  con¬ 
tent  Is  taper tent  for  cohaaiva  soils. 

GROWL-1  SHOCK  COUPLING  F/kCTOR 

Tha  magnitude  of  tha  stress  and  ground  no¬ 
tions  will  be  greatly  enhanced  as  tha  weapon 
penetrates  acta  deeply  into  tha  auil  or  tha  pro¬ 
tective  burster  layer  Before  it  detonates.  A 
concept  of  an  equivalent  effect  coupling  factor 
la  Introduced  ro  account  for  thia  efface  on  tha 
ground  shock  parameters  and  is  defined  aa  follows: 

Tha  coupling  f-ctor,  f  ,  la  dafined  aa 
tha  ratio  of  tha  ground  shock  magnitude 
fro*  partially  to  shallow  buried  weapon 
to  tha  ground  shock  magnitude  fro*  a 
fully  hurled  burst  in  the  sane  medium. 

f  .  if.  V.  d,  I,  a)  near  surface 
(P,  V,  d,  I,  a)  contained 

A  tingle  coupling  factor  is  applicable  for  all 
ground  shock  parameters  chat  depends  upon  the 
depth  of  burial  of  tha  center  of  tha  weapon  and 
the  medium  being  penetrated,  l.«. I  soil,  concrete 
or  air.  Ic  la  Important  to  note  that  tha  coupling 


factor  concept  used  here  does  not  produce  an  equiv¬ 
alent  charge  but  rather,  it  is  a  seals  factor  to 
reduce  the  ground  shark  computed  from  a  burled 
burst  with  eha  full  charge  weight  to  account  for 
thr  shallow  burial. 

Coupling  factors  are  different  for  hursts 
in  air,  soil  and  concrete  and  depend  upon  the 
scaled  depth  of  buret  of  the  weapon.  These  fac¬ 
tors  are  shown  in  Figure  3.  The  coupling  factor 
for  air  la  a  constant 


f  -  0.1* 


and  la  recotaMnded  for  contact  bursts. 

In  tha  case  where  a  weapon  penetrates  into 
more  than  one  material,  i.a.,  a  long  bomb  that 
penetrates  tha  concrete  slab  and  is  partly  buried 
in  soil,  tha  coupling  factor  ia  computed  as  tha 
eum  of  the  coupling  factors  In  each  of  the  mate¬ 
rials  weighted  in  proportion  to  tha  charge  weight 
contained  within  each  medium. 

f  - 1  fi(r)  <« 

where  f  is  the  total  coupling  factor,  f<  is  tha 
coupling  factor  for  each  component  material,  l.e.. 


Figure  3.  Ground  shock  coupling  factor  aa  a  function  of  scaled 
depth  of  burst  for  air,  soil  and  concrete 


■i.*u 


■  lr,  Mil,  concrete,  i«  th«  weight  of  the 

charge  In  contact  with  each  component  material, 
and  W  la  tha  total  charge  weight.  Slnca  scat 
bomb*  a ra  cylindrical,  tha  coupling  can  also  be 
defined  aa 


1 4>) 


where  L±  la  tha  length  of  tha  weapon  In  contact 
with  each  material  and  L  la  the  total  weapon 


with  eacn  material  and 
length. 


DISCUSSION  AMD  CONCLUSIONS 

Empirical  expreaalona  ware  derived  from  a 
fit  to  a  large  body  of  ground  ahock  data  from 
burled  and  naar-eur  'ace  burata  In  aoll .  Several 
Important  obaarvatlona  were  made  concerning  the 
role  of  aoll  propertiea  on  acallng  ground 
ahock : 

1.  Near  the  exploalvr  aource,  peak  parti¬ 
cle  valocltlea  in  aolla  tend  to  a  alngle  curve 
that  la  nearly  independent  of  the  aoll  proper¬ 
tiea.  Thla  observation  can  be  explained  In  part 
by  the  Interaction  of  tha  detonation  wave  In  tho 
exploalve  with  the  aoll. 

2.  Peak  atreaaea  acale  In  proportion  to 
tha  aalamlc  velocity. 

3.  Attenuation  of  tha  peak  ground  ahock 
magnltudea  la  atrongly  dependant  on  the  rela¬ 
tive  danalty  In  granular  aolla  or  to  the  air 
void  volume  In  coheelve  aolla.  Because  the  aela- 
mic  velocity  la  alao  Influenced  by  theae  paraa- 
etera,  the  attenuation  coefficient,  n  ,  can  be 
estimated  from  the  aalamlc  velocity  aa 
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A.  Tima  acalaa  In  proportion  to  the  tlma  of 
crrlval .  Thua,  tha  pulaa  tanda  to  apraad  In  pro¬ 
portion  to  tha  dletence  travalad,  with  a  riae 
tlma  of  about  1/10  of  tha  travel  tlma  and  a  dura¬ 
tion  on  tha  ordar  < f  2-3  traval  tlaaa. 

5.  lacauaa  of  tha  time  acallng,  peak  accal- 
aratlona  ara  proportional  to  tha  aalamlc  valoc- 
Ity,  peak  displacements  are  Inversely  proportional 
to  the  eelamlc  velocity  while  the  peek  impulee  le 
only  eenaltlve  to  denalty  variation. 
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TABLE  1  SOIL  PROPERTIES  FROM  EXPLOSION  TESTS 


Soil  Description 

Dry  Unit 
Height 

yiry 

lb/ft3 

Total  Unit 
Haight 

7 

lb/ft3 

Air-Pilled 

Voids 

i 

Seisnic 

Velocity 

c 

ft/eec 

Acoustic 

Iapadanca 

PC 

psi/ft/eec 

Attenuation 

Coefficient 

n 

Dry  desert  alluvlun  and  plays, 
partially  csnented 

87 

93-100 

>25 

2100-4200(1) 

40 

3-3.25 

Loose,  dry,  poorly  graded  sand 

80 

90 

>30 

too 

11.6 

3-3.5 

Loose  vet  poorly  graded  sand- 
free  etanolng  water 

97 

Hi 

10 

500-600 

12.5-15 

3 

Denes  dry  sand,  poorly  graded 

99 

101 

32 

900-1300 

25 

2.5-2.75 

Dense  vet  sand,  poorly  graded- 
free  standing  water 

108 

124 

9 

1000 

22 

2.75 

Very  dense  dry  sand,  relative 
density  °1002 

10! 

109 

30 

1600 

44 

2.5 

Silty-day,  wet 

95-100 

120-125 

9 

700-900 

18-25 

2.75-3 

(feist  loess,  clayey  sand 

100 

122 

5-10 

1000 

28 

2.75-3 

Hat  sandy  clay,  above  water 
table 

95 

120-125 

4 

1800 

48 

2.5 

'Saturated'  sand-belov  water 
table  in  narsh 

— 

- 

l-4<2> 

4900 

125 

2.25-2.5 

'Saturated'  sandy  clay,  below 
water  table 

78-100 

110-124 

1-2 

5000-6000 

130 

2-2.5* 

'Saturated'  sandy  clay,  below 
water  table 

100 

125 

<1 

5000-6600 

130-180 

1.5 

Saturated  stiff  clay  saturated 
clay-shale 

— 

120-130 

0 

>5000 

135 

1.5 

(1)  High  because  of  cemntetion. 

(2)  Eatlaated. 
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ABSTRACT 


'^V_ 


‘'vplotlon-induced  stress  wvn  In  rocks 
and  to  la  ara  frequently  measured  by  flatpack 
strata  gagas  groutad  Is  boreholes.  Ths  atrtaa 
gaga  measurements  dlffar  froa  tha  fraa-flald 
atraaaas  If  tha  grout  form*  on  Inclusion  bt- 
cauaa  of  a  alaaatch  of  material  properties  or 
inadequate  bonding  with  tba  medium.  Calcula- 
tlooal  results  ara  praaantad  for  a  tuff  aadlua 
to  lllustrata  Inclusion  afftctt  In  alaatlc  and 
alaatlc-plaatic  raglaaa.  Tba  aaln  affact  occurs 
If  tha  inclusion-medium  bonding  la  Inadequate, 


■UB  L. 


INTRODUCTION 

Experiments  for  Investigating  tba  vulnerability 
of  allltary  civil  anglnaarlng  atructuraa  to  attack 
loads  applltd  through  tha  ground  lnvolva  attaurlng 
atraaaas  In  rock  and  aoll.  Strata  gaga  algnala  ara 
oftan  difficult  to  Intarprat  bacauaa  tha  gagaa  and 
tba  laaadlata  surround  Inga  disturbed  by  gaga  In¬ 
stallation  parturb  tha  fraa-flald  atraaaas  to  ba 
aaaaurad. 

This  papar  traata  tha  lnfluanca  of  tba  gaga 
Installation  procadura  on  tba  fraa-flald  atrasaaa. 
For  Installation  In  rock,  tba  procadura  la  to  drill 
froa  a  tunntl,  cavity,  or  ground  aurfaca,  tnsart 
tba  gaga,  and  pack  tha  bora  holt  with  tock-satching 
grout,  aa  llluatratad  In  Figurt  1,  Because  It  la 
Impossible  to  natch  all  tba  propartiaa  of  tba  rock 
In  tba  neighborhood  of  tba  gaga  and  to  anaura  par- 
fact  bonding  with  tba  rock,  the  grout-filltd  bora- 
bola  forma  a  cylindrical  Inclusion,  So  tba  gaga  la 
In  general  not  subjected  to  tba  asms  stresses  as 
tba  far  field.  To  Intarprat  three  stress  gage 
algnala,  one  auat  determine  the  relationship  bet¬ 
ween  the  Inclusion  and  and  1 ua  atraaa  fields.  Tba 
lnfluanca  on  the  atreaaaa  of  tba  gage,  which  la 
Itself  an  inclusion,  la  not  treated  here;  that  In¬ 
vestigation  will  ba  the  subject  of  a  future  publi¬ 
cation. 


TuJf 


Exploding 

Cavity 


FIGURE  1  IN-SlTU  STRESS  GAGE  EMPLACEMENT 


The  calculatlonal  investigation  la  simplified 
oy  sasueinj  plane  strain  conditions,  by  confining 
attention  to  tne  two  extraaa  cases  of  perfect  bond¬ 
ing  (no  slip)  end  no  hooding  (no  sheer  transfer)^ 
between  the  grout  end  the  rock,  and  by  conaldarlng 
proportional  static  comprssslonal  loading,  vblch 
prevents  bond  separation.  Illustrative  results 
based  on  a  rock-matching  grout  (designated  2C4)  ln- 
luslon  In  Nevade  Teat  Site  (NTS)  tuff  are  presented. 


MATERIAL  MODEL 

To  abov  how  e  gage  Installation  procedure  can 
■aka  strata  maasuramant  difficult,  calculations  are 
performed  for  a  borahole  In  NTS  tuft  flllad  with 
2C4  grout,  aa  abown  In  Figure  1.  Figures  2  and  3 
show  tba  tuff  and  grout  atrength  propartiaa.  A 
strong  tuff  la  Intentionally  chosen  to  magnify  tha 
•f facts  of  poorly  aetched  properties.  Roth  the 
grout  snd  tbs  tuff  ara  modal ad  aa  Mohr-Coulomb  ma¬ 
terial  with  tha  propartiaa  listed  in  Table  1. 
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MATERIAL  PROfSHTtES 


Youai'i 

PtdmeaT 

Friction 

St  . 

MumW 

MoMm 

Retie 

Aagh 

Cohakm  ■ 

(yM) 

» 

P(*l) 

c  (pd) 

TWT 

1.66  s  106 

0J2 

636 

2 .IS  »  I03  ' 

Orest (204) 

2A4  i  10® 

DJI 

1.46 

1.81  t  I03 

1  2  3 

CONFINING  PRESSURE.  o3  Ikber) 


FIGURE  2  UNIAXIAL  STRAIN  RESPONSE  0?  ROCK-MATCHING 
GROUT  RMG  2C4  AND  NEVADA  1EST  SITE  TUFT: 
STRESS  DIFFERENCE  VERSUS  CONFINING  PRESSURE 


FINITE  ELBONT  MODEL 

The  spherical  uave  engulfing  the  borehole  and 
teg*  i>  approximated  bp  e  quaal-atatic  biaxial 
itreei-plane  (train  state,  aa  shorn  in  Figure  4. 


-*y  "  Py  *  J  p« 

Mil 


2  3  4  S  I 

VOLUME  STRAIN,  AV/V  (partem) 


FIGURE  3  UNIAXIAL  STRAIN  RESPONSE  OF  ROCK-MATCHING 
GROUT  RMG  2C4  AND  NEVADA  TEST  SITE  TUFF: 
MEAN  NORMAL  STRESS  VERSUS  VOLUME  STRAIN 
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FIGURE  4  CIRCULAR  INCLUSION  UNDER  BIAXIAL  STRESS 
AND  PUNE  STRAIN 


For  puleca  with  rise  times  longer  than  several 
inclusion  dlaaetar  tranalt  tinea  and  where  decaitlae 
of  different  aatariala  match  each  other,  a  quaei- 
atatic  analyses  glvea  reasonable  estimates  of  Che 
dyncaic  raapoaaa.  Aa  a  further  simplification, 
proportional  loading  is  assumed  ■  The  ratio  bat  wen 
frae-fiald  stressaa  la  choean  as  o_/o„  *  4  to  ovoid 
creating  tensile  (tresses  across  the  lncluaion- 
medlta  lntarfaca.  Figure  5  shows  the  two  gage  loca¬ 
tions  for  measuring  tbs  frae-fiald  stress  components 
Oj  •  -p  end  Oy  -  -p/4  (p  >  0).  Because  of  ayetry, 
only  tha  first  quadrant  needs  to  ba  modelled. 
Stresses  Ox  and  oy  art  calculated  in  tha  inclusion 
along  tha  radii  on  the  y  and  x  axsa,  respectively. 
Tha  inclusion  affect  of  tha  gaga  itself  la  not  con¬ 
sidered  and  these  calculated  atraases  era  taken  to 
ba  tha  stresses  acting  on  the  gega  for  comparison 
with  tha  uniform  frae-fiald  stress. 
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FIGURE  6  GAGE  LOCATIONS  IN  BOREHOLE 


The  analysis  wai  performed  vith  the  finite 
alteant  cod*  NONSAP.  Tb*  flnlt*  element  grid  ex¬ 
tended  to  10  tiM*  tha  radlu*  of  the  Inclusion,  *a 
ahown  In  Figure  6.  Tour  nod*  plena-atrain  quadrl- 

lateral  element*  vara  uaad. 


Induaion  | 
Intartaca 


FIGURE  e  finite  element  crid 


Two  Inclualon-madium  Interface  condition*  ar* 
Investigated .  That*  condition*  art  perfectly  bond¬ 
ed  and  free-illding,  and  they  provide  bound*  on  tha 
real  elution  behavior.  Tha  bonded' Interface  crene- 
fara  both  cc^reiun  and  shearing  load*.  The  free- 
alldlng  Interface  tranafar*  coapreaelve  load*  only. 

The  perfectly  bonded  interface  require*  no 
apecial  modeling  t*chnlqu*  hecauta  the  utual  flnlt* 
alamant  nodt-alaemnt  connectivity  datcrlbaa  thla 
condition. 

The  free-eliding  interface  la  nodded  by  a  thin 
ring  of  two-dlmanalooal  Mohr-Cculomb  quadrilateral 
eleneot*  to  tranafar  compraaalv*  load.  Tha  alanentt 
are  weak  In  aheer  to  allalnat*  tranafar  of  ahaartng 
•tree*.  The  thlckuca*  of  tha  ring  la  51  of  tha  ln¬ 
cluaion  radiua.  Toung'e  eodulua  and  Polaaon’a  ratio 
of  the  ring  material  ar*  the  tan*  at  tha  average*  of 
the  aurroundlng  notarial.  Numerical  taata  Indicate 
that  eoheaton  and  friction  angle  value*  of  10  pal 
and  0.1*  ar*  aatlafactory  for  the  tuff-2C4  grout 
coablnatlona. 


numerical  results 

Street  dlatrlbutlona  along  the  gage  location* 
for  three  caaea  of  an  lncluaion  in  tuff  ar*  calcu¬ 
lated.  They  ere 

1)  a  perfectly  bonded  grout  lncluaion, 

2)  a  perfectly  unbonded  tuff  lncluaion,  and 

3)  a  perfectly  unbonded  grout  lncluaion. 

The  flrat  cat*  liluatratea  the  affect  of  nia- 
aatched  material  propertlaa;  tb*  aecond  cat*  lllut- 
trataa  the  affect  of  an  unbonded  Interface  and  the 
third  cat*  combine*  both  affect*. 

In  each  can*,  calculation*  ware  made  for  three 
or  four  free-flald  strata  level*,  tha  lovtit  valu* 

In  each  cat*  providing  an  entirely  elastic  retpooa*. 

Cud,  Bonded  Grout  Inclusion.  Figure  7 
ihova  uniform  at re**  distribution*  along  tha  x  and 
y  axes  of  tha  grout  lnclualoo  for  frae-flald  com¬ 
pressive  atreea  of  p*  •  4,  5,  and  6  kal,  with  p-  - 
Px/4.  The  calculated  straaaea  at  tha  gag*  locations 
art  Oj  end  Oy.  A  gag*  located  on  tha  y  exit  would 
■assure  the  x  component  of  free-fleld  atreea  exactly 
If  Oj/Px  •  -1.  When  Px  *  *  kai,  thla  ratio  la  o*/px 
•  -1.11,  ao  tha  gag*  mould  read  112  high.  Aa  Px  1* 
Increased,  tb*  readings  beeoam  more  accurate.  A 
gag*  located  on  the  x  axle  would  maaeure  the  y  com¬ 
ponent  of  tree-field  atreea  exactly  if  Uy/py  -  -1. 
Whan  Px  *  A  kal,  this  ratio  1*  Oy/p.  ■  -u.M,  ao  tha 
gag*  wnuld  read  62  law.  Whan  Pj  •  5  kal,  tha  gag* 
mould  read  92  high  and  whan  p,  •  6  kal,  tha  gag* 
would  read  362  high.  The  atreas  ratio  trend  la  to 
Inert***  further  beeeua*  tha  stress  component*  ar* 
confined  to  tb*  ylald  surface.  Tb*  eiaMtcb  of  pro¬ 
per  tin  In  thla  a ramp la  allow*  a  reasonably  accurate 
maaenremect  of  Pj,  the  larger  coe^ooent  of  frae- 
flald  stream.  Tha  asm*  is  true  for  eaaaurmmant  of 


r 


tha  wlltt  ecapoasat  under  elastic  or  nail  plas¬ 
tic  deforeatleag.  da  tha  leading  IsciuMa  to  pro¬ 
duct  larger  plastic  daforeition*,  naapuraaent  of  p 
bacCMs  increasingly  Inaccurate.  ' 
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FIGURE  7  GAGI  STRESS  FOR  GROUT  INCLUSION  WITH  PONDED 

interface,  example  i 
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FIGURE  I  GAGE  STRESS  FOR  TUFF  INCLUSION  WITH  SLIP 
INTERFACE.  EXAMPLE  2 


caao  2.  approximate  aeaauraaant  of  the  larger  froe- 
fleld  atraas  p,  la  possible  but  neaaureaont  of  tha 
■seller  frae-flald  atrcaa  la  not. 


Casa  2.  Unbonded  Tuff  Inclusion.  Figure  t 
above  tha  atraea  dictributieos  along  chi  x  and  y 
axes  of  an  unbonded  tuff  Inclusion  for  freo-field 
coapra salve  atreseea  of  p,  •  5,  7,  and  t  kai,  with 
•  Pyj/4.  A  gage  located  on  the  x  or  y  axis  would 
sura  tha  frae-flald  streetes  exactly  If 
and  Oy/fj  are  unity.  Tha  effect  of  an  Inclusion/ 
aadlua  Interface  that  doea  not  transfer  sheer  across 
la  to  produce  noouniforn  stress  distributions.  Uhea 
Pj,  *  5  ksl  the  tuff  reaper  ao  la  elaatlc  and  tha 
•trees  dlstrlbutlona  shown  (full  lluss)  art  para¬ 
bolic.  At  tha  cantar  of  tha  inclusion,  tha  x  and  y 
•trass  conpoeents  are  152  higher  end  SIS  lower,  res¬ 
pectively,  than  thair  frea-flald  counterparts.  In¬ 
creasing  tha  frae-flald  loading  enough  to  cause 
yielding  Is  tha  Inclusion  flattens  tea  straps  dis¬ 
tribution  at  the  cantar.  Approsiaata  aaaeureaeot 
of  tha  larger  frea-flald  stress,  px,  la  posslbla  If 
tha  gage  doea  not  occupy  too  such  of  tha  Inclusion 
disaster.  Haaauranant  of  the  snail tr  frea-flald 
•trass,  p_,  can  only  he  regarded  as  a  rough  outlasts, 
tha  value  of  ditch  depends  on  tin  at rasa  level. 

Casa  1.  Onhonded  Grout  Inclusion.  Figure  J 
shews  the  stress  dtnrlbuiIeSTslong  the  x  and  y  exes 
of  as  unheeded  grout  Inclusion  for  far-field  coa- 
preaalva  stresses  of  p,  »  1-1/2,  4,  5,  and  t  kai, 
with  p_  a  pjM.  This  msMms  the  affects  of  tha 
nlsattchiag  of  proper  tias  of  the  first  case  tad  tha 
lack  of  heading  of  the  second  case.  Tha  axis  con¬ 
clusion  la  that  tha  bonding  affect  dnalaataa  so,  as 
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FIGURE  f  GAGE  STRE1S  FOR  GROUT  INCLUSION  WITH  SUP 
INTERFACE.  EXAMPLE  3 


COMOUttO) 


batad  oo  tbt  nuaarlctl  tuaplaa  trutlsi  * 
(rout  lnclutloa  la  NTS  tuff,  va  conclude  that) 

•  A  altMtch  of  tht  loclualoe  tad  aadlia 
proptrtltt  rot  tin*  t  uatfora  ttrtu 
dlatrlbutlea  aloag  tht  |«|i  locttlosi. 

At  loading  ucrMHi  tb*  MtiurtMit  of 
tht  Urgtr  frat-fltld  ttrott  btcoaai 
aort  accurtto  ufcllt  tht  aa*tur«aet  of 
tht  tatlltr  frat-fltld  ttrau  bacoata 
lait  accurata.  Thli  occurt  btcauat  tht 
aatllar  atratt  cepoaott  la  tht  (rout 
Wtcoaai  tilatd  to  tit  larttr  atraaa 
tnapoatat  through  tht  yltld  conditio*. 

•  Lack  of  lattrfact  bonding  product!  aoo- 
uDlfora  itraaa  dlttrlbutloaa  aloag  tht 
itraaa  mi  location,  At  lacraaaad 
loading  ctuata  Inert* tod  plactlc  flow 
la  tht  lnclutloa  tht  atraaa  dlatrlbu- 
tlooa  bacoat  aort  uaifora  la  ouch  a 
way  that  tht  l*r|tr  fraa-fltld  atraaa 
1*  aatturablt  but  tht  tatlltr  frtt- 

f laid  atraaa  la  not  aatturablt.  Thla 
occur a  btcautt  tht  tatlltr  atrtta  coa- 
pontat  la  tht  grout  bacaaai  ralttad  to 
tht  larttr  atraaa  rfp outfit  through  tht 
yltld  condition. 
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Free- field  ground  shock  pmssswre*  at  various 
dietaaces  froa  the  burled  detonation  of  bigh- 
•aplosiva  chsrjs* ,  aortar  one  artillery  ro tads, 
a mi  lergs  boobs  hsre  Won  aeasured  by  Southwest 
Research  Institute  and  independently  by  Waterways 
tbqwrlaent  Station  personnel.  This  payor  present* 
an  espirlcel  solution  capable  of  predicting  tbaaa 
yrwwni  la  unsacureted  aolla.  In  saturated  soils, 
a  vary  different  energy  dissipation  procase  occurs 
which  Is  predicted  by  nodifflng  a  hydrodyaanlc 
solution,  and  co^MfLoj  It  to  taata  on  boobs  In 
saturated  aolla . 

IHTkOWCTIO* 

Us  ha  vs  boon  developing  •  general  solution  for 
predicting  ground  shock  pressure!  and  icpulaao 
lapsrtad  to  shaltara  fron  ths  detonation  of  burled 
ordnance,  fefortuoatsly,  all  tha  result  a  caanot  bs 
ehoun  In  this  short  paper;  hamper,  and  aspect, 
free -field  ground  shock  p  re  course,  vtll  be  »re- 
aentsd  In  detail.  Those  wishing  eddltlonal  details 
can  refer  to  reference  (11. 


where  F  a  nerlnm  pressure  (F/S.1) 

p  a  anas  density  of  toll  (FT*/!4) 
e  •  spaed  ef  sound  In  soil  (L/T) 
d  ■  depth  of  ordmaea  burled  to  its  C.G. 

a) 

Y  -  depth  of  point  below  C.C.  of  ordnance 

a> 

W  a  energy  relanse  of  aaploalve  (Ft.) 

•  effective  slant  range  which  accounts 
for  atdniwco  geonatry  and  orientation 

a>. 


All  ratios  In  Kqmtioa  (1)  ere  need  1  sens loaal 
which  naans  that  predictions  ran  ha  eerto  using  an/ 
Mlf'-conaistnnt  net  of  nettle  or  English  units,  Tha 
quantity  accounts  for  honh  length  1  and  orien¬ 
tation  ».  thin  quantity  k,ff  la  a  first  approslne- 
ties  to  whute  m  aqulvelant  point  nourco  of  the 
own  warty  release  should  bo  located  so  that  tha 
sane  scaled  energy  V/ecXg*  occurs  for  ths  dlatrl- 
>et*d  energy  in  e  linn  source  of  finite  length  at 
la  the  equivalent  polar  entires.  t,;i  le  given  by; 


t 


Our  solution  oat  developed  using  nad> ling 
techniques  and  teat  results  fron  a  large  ceapUu- 
tloe  of  ground  shock  pressure  darn.  Under  Boat 
conditions,  a  log- linear  curve  fit  esn  bo  used  to 
predict  pressures  over  four  orders  of  ntgpsltuds  In 
value.  Yha  eacoptloa  to  the  general  aelutlon 
arises  when  soils  are  saturate*.  Then,  a  nodi  fled 
hydtodynoale  solution  works,  la  this  paper,  m  will 
present  tha  general  solution,  coders  results  to 
nsasured  pressures,  ohm  that  problem  can  arias 
and  derive  ths  nodlflsd  hydrodyns*lc  solution. 


CmOAL  SOUJTHW 


An  eaplrlcal  equation  for  predicting  free- 
fiold  ground  shock  preaauro  fron  tha  dstonatloa  ef 
burled  explosive  la  given  byt 
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•  horisoatal  distance  of  location  In  verti¬ 
cal  plant  through  ths  booh  (L) 

•  transverse  distance  of  location  (L) 

•  length  of  ssplocivc  source  (l) 

»  boob's  orlmtntloa  (M>  dag  roes  Is 
a  vertical  boat). 

cowAfuvw  wrra  rata 


■gust Ion  (1)  has  a  fonsst  p*  raise  la*  scaled 
pressure  on  the  left-hand  aids  of  tha  aquation  to 
be  plotted  versus  a  scaled  affective  standoff  dis¬ 
tance  on  tha  right-hand  side.  Itany  different  eye- 
bole  era  seen  la  Figaro  1  became  there  mre  nany 
variations  la  alts  of  a^loelvs  energy  release 
(1.1,  0.1X7,  sad  0. Jit  lb  sources) ,  orientation  of 
the  chares  (0,  M,  sad  4)  dsgtess),  depth  ef  burial 
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of  tba  chart  a  5.1,  aud  22  loch***)  d^wtti  of 

burial  of  truiaducs  ,  and  tvy*  of  ooll  (ailt  cod 
■  vM) .  All  tut.  wore  ytrfornad  outdoor*  with  ■ 
a*  'ural  worUtloa  Is  aril  ojodUton*  racordnd  by 
anaaurlag  nil  daasUy  a  and  velocity  e  4  i  Is;  *»c  i 
tost . 

ft*  solid  I  so  -'trough  U*  rw>in  4sta  U 
■guatioa  (1).  TV*  dashed  H  <  u  ooch  aid*  of  tbs 
prediction  llu  1*  *  statistic. »1  two  aim  stasdard 
da via t las  for  a  soraal  distribution  la  log  of 
rrooaura  abo  t  tbs  predict lo*  Um.  Although  tbit 
•editor  any  v,,«r  to  b*  laryt,  it  is  of  tba  sans 
■otsltodo  for  roaolts  fro*  otbsr  aayarlasats. 

Farsonaal  at  Uscarwaya  txyartarot  Station  (2 } 
havo  bean  conduct l*t  taata  la  which  froo-flald 
imid  shock  yroaanros  war*  asoltsrod  at  varlaoa 
altaa  arotud  burlod  C-A  c  arat* ,  sartor  shall*, 
hcrrttstr  mid*,  and  boa**.  U  fl«wr*  2  owr  solw- 
tton  and  Its  scalar  is .sb.no  au  It  cos  k*  casyarod 
»  pood  aback  yreasoria  for  IS  Si  howl  t  so  r  aballt 
coataialag  U.l  lb  of  m,  lOSi  bovitaar  shall* 
caotalolao  U  lb  of  Co*»  »,  aad  d.l-Uek  nartar 
abtUa  with  7.S  lb  or  TUT  flrod  at  Mbit*  lands 
K) sails  tone*. 


A  Ustl  caavarlaoa  cood  'ctad  at  Whit*  land*  by 
•J  lorsmal  lavolvad  Id,  5.  aad  b-'.b  axyloslv* 

C-i  char*** .  TVaa*  acalad  pro* euros  i  m  colored 
to  Caution  (11  la  Figure  1.  lacaou*  tbs  roaolts 
toon  la  Figures  2  an  1  >  aro  s tailor  to  tboao  aoro 
la  Figaro  1,  tbs  sans  comats  about  accuracy  and 
acattar  any ly . 

rrohoonunc  toumob 

Ot  snot bar  tsat  alts,  Tort  Knox,  batocky, 

**  yorsoansl  conducts''  ground  shock  pressure 
aaaoaroaaota  ualag  llu*  NC-12  ()00-ib)  and  m-U 
( TOOd-lb)  bands.  Thos*  bonks  contain,  respectively, 
111  lb  and  HS  lb  of  trltonal.  Naasnrod  p  mature* 
worn  all  blgbsr  than  axyectod  as  can  bo  aaao  by 
looklaa  at  tba  results  la  Flgur*  i.  A  recto#  dona 
salat  for  thas*  pressures  b*la«  blghar  than  aayect- 
ad,  but  to  undtrstand,  ua  oust  dlacosa  Fort  toon 
fiald  conditions. 

TLa  soil  at  Fort  box  it  a  10  foot  igysr  layer 
of  soft  brown  clay  overlying  t  soft  cloy  aland  wltb 
graval.  TV*  danslty  of  both  layer*  la  tbs  Sana 
svanga  it  danslty  of  12S  lb/ft3  and  watar  cos  teat 
of  22.)  ye reoat.  Tba  a* Jot  dlfforoac*  botwaoa  tba 
layoro  la  that  tba  spysr  layer  baa  a  F  warn  velocity 
of  1200  ft/sect  whereas,  tbs  lower  layer  baa  a 
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ft|«w  *•  Ooeperlooa  ut  hwn«U  Ftunn  Mttlw  to  Toot  fteewlts  with  1)V«  Artillery  RnUe 


velocity  of  MOO  ft/sae.  *otfc  anile  on  eeeeac  tally 
saturated  with  the  paad  water  table  at  the  10- 
foot  depth  MHntit|  these  layers,  Om  war 
layer  la  saturated  by  uyllUry  actios.  The  change 
ia  selswic  velocity  (na  1200  to  MOO  ft/oac  eewue 
strata*  the  axlsteoca  of  the  grand  water  table  at 
the  10-foot  depth,  beceueo  MOO  ft/eec  la  the  spaed 
of  toyed  la  water. 

411  other  teat  eltoe  ware  ouch  drlot  thaa 
?ott  Kaos.  Moisture  coataata  did  leach  12  perceat, 
but  these  ere  low  relative  to  22.  J  per  cast .  Mn 
the  pores  of  a  soil  ere  filled  with  water  rather 
thaa  air,  *a  alaoet  InceeprosalbU  pore  field 
exists.  Beergy  dleoipetloa  associated  with  collapse 
of  the  pores  and  shear  tag  of  soil  grains  over  each 
other  la  aot  «a  (teat,  sad  p resseree  are,  therefore, 
higher  at  various  standoff  dlatsecee. 

laatoad  of  as  lag  e  soil  solution,  the  pmiiiyi 
ties  of  shock  through  sstaratod  soils  *>sa  hs  spprat 
lasted  by  wsdifylag  s  solwtlsa  for  shocks  la  water, 
ta  fel*  hook  oa  sad*  mo  tar  aspiealsns,  Qsla  IS] 
p reseats  twst  data  which  cec  ha  earns- fit  ted  os  lag 
a  log-liaear  spptoalaatloe  to  give  ea  ogestlea  for 
shock  pressures  ta  water. 


2 (pet)  -  24,(30 


•y  laoertlag  the  Isverlset  e  sad  c  late  Colo's 
dlaonsloeal  eguatlos,  coavortlag  Kgwatlne  (J)  to  a 
self -cons  is  teat  sot  of  dlnsMlonlees  wits,  hmb- 
ol/Stt/h 

Mg  the'  — jjj  Is  large,  out  that  the  proesu.ee 

(«*«•  SMi  booh  are  it  the  osas  depth,  Bgwotioe  O) 
eaa  bo  rewrites*  aat 

[±7]— ‘»rl“  <•> 

(guatloe  (4)  la  the  bydrodyaaalc  egaatiea 
tf»leh  la  skew  la  Wgwre  4  sad  etgud  to  tbs 
wasatwseted  sou  sslwtloe  sad  test  data  oa  MC-dl 
sad  W-M  bowks.  4s  eaa  ha  sore,  tbs  hydrodyasalc 
sslatloa  sorts  wet  hotter  sad  predicts  wseh  higher 
scaled  presseres.  The  fort  hss  test  site  with 
its  high  grand  water  table  behaves  ilka  a  Uguid. 
That  la  to  aey,  provided  eae  mww  that  the  hcahe 
are  U  a  special  "haavy  warn"  with  a  weight  dsaaity 
of  124  tk/ it3  ead  water  that  propagates  shocks  at 
the  waiters!  b  wsvo  velocity,  either  1200  ft/eec 
for  shallow  hwrtals  shove  10  feat  or  MOO  ft/eec 
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Hfur*  1,  frMMn  Strove  Bliiuta  for  MW  C-*  Char*"* 


Wo l no  tWo  | round  ootor  toklo,  totrp  U  MI  dletl- 
Ktad  00  rapidly  to  saturated  ootlo,  ood  toot 
roeelto  tppoor  to  Wo  predicted  Or  thto  oodlfled 
Wydrodyoaole  oelutloo. 

I 

OWttoMlr  asm  traoltloo  reglna  Moot  oslot 
Wo too to  tWo  toll  ood  wotor  eolations.  AlthoepW 
tWo  tot*  to  doanoicrot*  mWoo  ood  Mom  o  traasltl-n 
occur*  or*  MoavollaWla  for  degree*  of  atturatloa 
orut  to  or  loo*  thto  M  or  W  porcoat .  tho  toll 
aoleiioo  It  rveoenoodod .  Further  study  it  roootrod 
to  Modorttood  ood  separate  thooo  too  tolotloot. 

CtMCtOHOM 

TW1*  paper  eoly  proa  to  to  tb*  results  f  roo  oot 
twill  Mpnot  of  t  Urge  roport  cootaU tag  lmfor- 
Mttoo  ao  froo-f Uld,  oblige*,  tod  oormlly  rofloct- 

od  pond  abock  prooooroo .  It  thli  roport,  Iwolto 
at  Mali  at  protoorot  art  atudled  tod  dttallt  art 
p  tot  to  tod  aa  Woo  predictive  eguatloet  tod  tWt  t,f  f 
concept  art  derived  ood  toat  results  otoaurod. 

la  thla  particular  disc  *04  loo,  Mo  thoMod  that 
froo-flald  groeod  shock  proaaoroa  dlaalpato  la 
oory  dlfforoot  oaoaart  dtp  to  toot  ipna  that  War  aollt 
tro  oat cro tod  or  waatorotod.  lap  1  r  1  cal  egeatlooa 
art  p roots  tod  vblch  allot  froo-flald  protoorot  to 
Wo  ptadlcted  at  oartOMa  atoodnff  dlataocoo  la 


aatorotod  ood  uoeacuroted  aollt.  Tott  datt  f roo 
a  verloty  of  Wo r ltd  orOoooct  datonatlooa  art  pr< - 
totted  to  dlaooolortlott  foroat  to  daaooatratt  tht 
validity  of  that*  eolutloaa. 

before— 

(11  fetor  I.  Moot  lot  ood  Gerard  J.  Frltoaohthn, 

SnaUtel 

<aiM»a  *»  y°rc«  *r— — .t 

Lola  rotary ,  Kglla  Air  fore*  koto ,  Florida, 
taport  Mo.  AMTL-Tl-*2-l«,  1*M. 

(2]  Aa  yot  oaroportad  data,  obtained  through  por- 
aootwl  corrotp oodoo ct  with  Wtttrvtya  taper 1- 
aoot  Itatloo. 

1 1)  MaWart  I.  Cola,  Oodtrvetar  toilottooa ,  Dover 
Pobllcatleoa,  loc  ,  Mao  York,  1HS,  p  2*0. 

AckM—ltdb—Utt 

Tklt  poptr  coon  free  la  ft  root  loo  coop  lied 
odor  op— pp  rod  Ip  of  tho  D.l.  Air  Foret  Amatol 
Laboratory,  Areonoet  D1  via  loo,  tglla  Air  Force 
law,  Florida  voder  coo  tract  rabtr  FObdll-bO-C-Ol?*. 
Nr.  Janet  t.  doldtr  (DtTT)  wool to  rod  tklt  prograa 
for  tin  Aroontot  Ltborotory  ood  provided  way 
Walpfol  n |pir~ 1  — 


Figure  fiuwn  Dlttwct  l*  ht»til<4  Fort  bu  MU 


TM  authors  olio  thMh  Nm*t«.  CharlM  Corel*, 
frasi  Castillo,  «ad  Fi _ok  Rudaoa  of  louttorMt 
S»94*rch  lutKati  for  |»tutikli|i>  toufuttht 
all  iigirUMti.  Hr.  Victor  htawilu  4m  all 
figure*  M  Hr*.  Lyootto  Ian  iff*4  thl*  M4«> 
m,4  oil  carroa|>oa*oace.  Tholr  h»lj  oo  tUla  Rregraa 
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(kurraxrr 

Vrib  re  reinforced  cmcrvU  hiliuiU  for  apray- 
in*)  onto  saletlng  structural  it  being  tiMilntd  to 
IIMH  itt  raalatanca  to  penetration  by  l.OJaa 
disaster  trawr  piercing  pnjKlilti.  A  M]o>  tttt 
1  og  rasas  it  tvinq  ctrriad  out  to  aaaalna  tha 
. i  fluence  of  •nrvpttr  typo  and  fibre  type.  Por 
»  ch  aggregeto/f ibrt  c  itointtion  a  statistical 
r»thod  It  being  uaaa  to  plan  tttt  ttrlrt  which  will 
itad  to  optlaiaation  of  the  concrete  In  ta res  of 
•atsr/caasnt  ratio,  fibre  content  and  aggregate/ 
eaant  ratio.  The  elnlauB  thickness  of  optimised 
one  rate  a  tn  rati  at  panat  ration  by  tha  pro)tctllt 
and  wtniaia*  apall  and  scabbing.  will  ba  data  rial  nad 
tha  mechanics  of  tl««  lopact  and  panttratlon  event 
*r»  being  stud (ej  end  a  pot*  lb  it  Method  of  daf  lect¬ 
in)  t ha  project  1  la  within  tht  concrete  It  suggests*! 


ltmtOOULTiON 

fairing  tha  roura*  of  Ita  uaafu'  lift,  a 
ttructurt,  particularly  a  Military  ana.  aaay  ba 
•ubiected  to  attack  fro*  aaaall  a rma  flra,  or 
parhapa  indirect  Impact  fraa  cloee-proalalty 
aaploalona.  Manet ,  high-risk  ttructuraa  ihould  ba 
conatructad  froa  Lopact  rttiatant  materials.  and 
tha  capability  to  rapidly  upgrade  the  pro  tact  ion 
afforded  by  an  aaiatl og  ttructurt  would  ba  advant¬ 
ageous.  Any  auch  lapact  raalatant  aataria,  must  ba 
abla  to  contain  tauaral  dlffarant  facata  of  tha 
lapact  annt.  It  must  ba  abla  to  raalat  ptr'or- 
atlon  fevna  tha  projectile,  it  anat  ba  of 
aufflclant  thlcknaaa  to  raalat  tensile  scribing 
froa  tha  back  fact  and  It  wuat  alto  ba  cohealue 
enough  to  pro want  spelling  aatarlal  flying  froa  tha 
front  fact,  both  because  tl.ia  aatarlal  aay  ba 
dangeroua  In  ltaalf  and  alao  bacauaa  it  laada  to  a 
local  weakening  which  aay  than  ba  braachad  by 
rapaatad  impact. 

COncrata  haa  a  raaaonabla  raalatanca  to 
projectile  panttratlon,  due  to  Ita  ralatlvaly 
homogeneous  and  aaaalva  propartiaa.  So  far  aa  tha 
front  aod  raar  faca  damage  i a  concerned,  howawar, 
tha  low  tan  cl  la  strength  of  an  ordinary  concrata 
aatrla  anauraa  that  a  large  amount  of  aatarlal  la 
•  )actad  froa  tha  alab  facaa  with  a  valoclty  high 
enough  to  ba  potantlally  dangaroua.  Incorporation 
of  f Ltarar  Into  tha  concrata  aatrla  haa  baan  ahown 
to  conaldarably  reduce  tha  acabblng  and  apalllng 


aaaoctatad  with  dynamic  loading  of  concrata  cl,  J:  . 
In  ganaral.  ftbraa  act  to  lncraaaa  tha  toughness 
of  tha  o  mg  .os  It*  aatarlal  by  laproving  > ha  tana.W 
propartiaa  of  noiaal  concrcta,  abaorbing  tha  atrtaa 
»«va  ana rgy  by  sitter  pulling  out  of  tha  aatrla  or 
parhapa  by  nec king  and  breaking,  dapandlng  upon  tha 
characteristic!  of  tha  particular  flbra. 

Many  dlffarant  type*  of  flbra  ara  e-'al  labia 
commcrc lal ly .  tha  propartiaa  of  tha  flbra  rain- 
forcad  concrata  bairvg  dependent  not  only  on  (ha 
atandard  concrata  variables  auch  aa  aggregate  ala* 
and  typa,  aggregate/ cement  ratio  and  watar/caaaant 
ratio,  but  alao  on  tha  typa,  utpact  ratio  and 
proportion  of  tha  ir.cludad  flbra*  A  comprehensive 
tasting  programme  la  balng  carrlad  out  to  a tody 
tha  affacta  of  thaaa  vanablaa  and  to  optlnlta  tha 
flbra  rainforoad  concrata  to  alnlMlaa  penetration 
by  VlhM  NATO  araagr  plarclng  bullata  lapacting  at 
approximately  too  m/».  At taaapta  ara  ba t no  iwdt  to 
aaaaaiha  tha  aachanlca  of  lapact  and  panatrat Ion ,  ao 
aa  to  understand  tha  fallura  aaodee  of  tha  flbra 
iwiitfs^ewd  Lunuaia  unde*  dynastic  loading- 

VAA1AALTS  CONtlOCASO 

In  ordar  to  fully  utlllaa  tha  adaptability 
of  tha  optimum  aatarlal.  It  waa  fait  that  a 
concrata  auttabla  for  grayed  application  should 
ba  drvetoped.  sinew  thla  would  ba  equally  uaaful 
for  naw  conatructlon  and  alao  for  quickly  raln- 
forcing  existing  atructuraa. 

Aggragataa 

Tv  anaura  aaay  application  by  althar  tha 
' wat '  or  'dry'  spraying  procaaa,  and  to  allow  a 
raaaonabla  nbra  distribution  through  tha  auitrla  a 
Concrata  Soclaty  Id)  racowaandatlon  of  *  meslmva 
aggragata  alaa  of  lOaaa  haa  baan  adopted. 

Teals  on  rock  aggregate/# leatomer  composites 
subjected  bo  lapact  by  projectiles  atallar  to 
tnoaa  uaad  in  this  study,  show ad  that  raalatanca 
to  penetration  waa  a  function  of  tha  rock  aggragata 
hardanaa  Ml  .  In  ordar  to  aaaalne  tha  effect  of 
aggragata  herdrmst  on  tha  penetration  resistance 
of  fibre  reinforced  concrata,  crushed  basal t 
(ralatlvaly  Sard)  and  crushed  ilesatane  (ralatlvaly 
aoftl  ware  chosen  aa  aggragataa.  Tha  shape  of  tha 
aggragata  particles  haa  an  affact  an  the  concrata 
bond  also,  and  this  on  tha  homogeneity  of  tha 
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composite.  Since  the  crushed  rock  aggregates  are 
both  angular  in  shape,  a  roixided  river  gravel  i< 
included  in  the  study  to  give  a  coaparlson. 
sgoregate/cement  ratios  vary  fros  1:3.0  to  liS.O 
in  the  statistically  based  test  plans. 

Fibres 

Smce  it  is  iapractical  to  include  all  tits 
coneercially  available  fibre  types  in  an  experi¬ 
mental  aeries,  various  constraints  had  to  be  used 
to  select  the  materials  to  be  tested.  On  grounds 
of  health  and/or  durability,  vegetable,  asbestos 
and  glass  fibre  materials  vure  rejected,  whilst 
carbon  fibre  was  rejected  because  it  was  considered 
that  the  likely  high  fibre  content  required  for  the 
intended  purpose  would  render  the  unit  cost  of  the 
fibrous  composite  too  high  to  be  viable,  Finally 
three  types  of  steel  fibrs,  one  type  of  poly¬ 
propylene  fibre  and  two  lengths  of  the  organic 
polyamide  fibre,  KEVLAR  29,  were  chosen  for  detail¬ 
ed  examination.  Where  appropriate,  a  length: 
diameter  ratio  of  100  was  selected  to  give  a 
composite  which  could  ruasonably  be  mixed  in  both 
a  field  and  laboratory  situation. 

Cement  Matrix 

In  order  to  ensure  that  the  optimum  fibi-j 
reinforced  concrete  can  have  universal  application, 
Ordinary  Portland  Jemsnt  is  being  us*l  and  it  was 
initially  asxusrad  that  the  typa  of  fins  aggregate 
used  would  be  uniaiportant.  A  range  of  water/ 
cement  ratios  between  0.3S  to  0.  SO  by  weight  is 
recommended  by  the  Concrete  Society  (3),  for 
ordinery  ep rayed  concrete.  However,  due  to  the 
apparent  docreaae  in  workability  caused  by  the 
inclusion  of  large  volume*,  of  reinforcing  fibre, 
e  range  between  0.3S  to  0.70  wee  selects  a  for  the 
main  statistical  series. 

OPTIMISATION  OF  THE  VARIABLES 

For  each  combination  of  rib  re  type  (six 
varieties)  and  aggregate  type  (three  varieties)  it 
is  necessary  to  optimise  the  water, 'oeeent  ratio, 
aggregate/ceannt  ratio  and  fibre  content.  To  give 
a  reasonable  range  of  these  last  three  variables 
it  was  decided  that  specimens  should  be  prepared 
with  five  levels  of  eech  variable.  This  gives 
(“125)  posrihle  combinations  for  each 
particular  fibre  end  aggregate .  Since  it  would 
be  unacceptable  to  test  all  of  these  combinations 
(a  hotel  of  2,250  tests)  a  statistical  method 
known  es  surface  response  theory  has  bean  ussd  to 
plan  a  program.  Details  of  this  asthod  have  been 
given  by  Cochran  end  Cox  (5) .  For  each  of  the 
eighteen  fibre /aggregate  combinations  s  rotatable 
dt«ugn  utilising  14  ertreae  combinations  and  6 
m.  i  combinations  of  tha  air  —.sign  parameters  is 
usad  to  Indicate  the  combination  of  air  design 
paraast are  which  will  be  aost  effective  in  —  -hieing 
projectile  penetration.  The  response  surfer, 
derived  tree  tha  actual  test  results  aay  -_ot 
indicate  an  optimum  air  within  its  (star-shaped) 
boundaries.  Thus  the  optimal  air  design  aay  be 
indicated  at  not  part  of  tha  actually  tasted 
range.  In  this  case  a  "comer  filling'  technique 


as  described  by  Anderson  et  al  (4)  r>ay  :>«  used  to 
Identify  anu  check  the  optimum  mix. 

SPBCIICN  PREPARATION 

In  a  full  seals  structure,  the  fibre- 
reinforced  concrete  would  be  epplied  over  a  large 
area,  hence  it  wee  coo lad* red  vital  that  local  and 
global  effects  ware  separated  in  the  laboratory 
tasta,  only  local  effects  being  considered 
important.  For  thia  reason  slabs  of  varioua  j  1",. 
distensions  were  tasted,  using  s  typical  steel 
fibre  reinforced  concrete  mix  to  determine  the 
minimus  target  area  required  to  ensure  that  gross 
cracking  did  not  occur  in  most  cases.  In  conjunction 
with  thess  teats,  slabs  of  various  thicknesses  were 
tasted  in  order  to  obtain  a  value  at  which  perfor¬ 
ation  was  unlikely  to  occur  in  moot  cases.  As  a 
result  of  thess  tests,  s  standard  specimen  site 
of  450  x  450  x  125mm  was  defined. 

Since  one  «nr'  la  of  this  material  is  to  be 
a  capability  to  rapidly  upgrade  the  potential 
resistance  of  a  existing  structure,  e  major 
consideration  ia  that  age  to  gain  sufficient 
strength  oo  resist  attack  must  be  minimised. 

Without  using  fine-ground  cements  and/or  concrete 
admixtures,  the  extent  to  which  the  commissioning 
time  aay  be  reduced  is  limited)  however  it  was 
felt  that  an  age-to-test  of  three  days  represented 
a  reasonable  compromise. 

All  mix  designs  were  developed  assigning 
completely  dry  aggregages.  Since  it  is  not 
possible  to  justify  this  assumption  with  avail¬ 
able  material,  a  moisture  content  calculation, 
using  s  standard  siphon-can  tsat  (British  Standard 
812  (7))  is  carried  out  on  each  aggregate 
immediately  prior  to  casting.  The  percentage 
moisture  content  by  dry  aggregate  mess  is 
calculated,  this  contribution  being  allowed  for  by 
an  increase  in  aggregate  weight  and  a  decrease  in 
weight  of  water  in  the  final  mix  daaigns. 

All  mixing  is  carried  out  in  a  horizontal 
rotating  pan  mixrr;  the  concrete  constituents  arc 
charged  In  a  standard  order,  thut  is,  fine  and 
coarse  aggregates  mixed  together  before  the  cement 
and  water  are  simultaneously  added  to  the  mix. 

For  ell  the  various  fibre  types  it  was  found  that 
the  optimum  fibre  distribution  was  established  by 
adding  the  fibre  to  tha  already  mixed  concrete 
matrix.  This  ensures  a  minimum  of  'balling*  of 
the  discrete  fibre  lengths.  In  the  case  of  both 
the  steel  and  polypropylene  fibres,  sufficient 
separation  can  be  achieved  by  shaking  the  fibres 
■lowly  into  the  surface  of  the  rotating  matrix, 
through  a  large  mash.  A  more  rigorous  and  time- 
eon  aiming  process  is  necessary  to  persuade  the 
vary  fine  (12pm)  KEVLAR- 29  single  filaments  to 
separata  to  an  acceptable  degree.  Tha  procedure 
adopted  Is  to  initially  separata  the  matted  fibre 
by  hand  to  reduce  it  to  reasonably  small  conglom¬ 
erations.  It  is  than  paswatleally  injected 
directly  onto  the  surface  of  the  rotating  concrete 
sc  as  to  further  encourage  it  to  separate.  Tha 
more  open  mat  can  thus  be  worked  into  the  concrete 
by  the  action  of  the  mixer  paddles.  Whilst  this 


Bethod  dost  not  ensura  a  complete  separation  of  all 
tha  fibre  conglomerations  it  dona  give  a  composite 
el  a  of  reasonably  unlforn  appearance,  becoming 
laaa  acceptable  toward!  the  wnximum  fibre  volumes 
vhlch  can  be  incorporated.  In  a  field  situation 
it  world  perhape  be  acre  viable  to  uae  a  technique 
in  which  the  sprayed  concrete  paaaea  through  a 
pnauaatlca) ly  held  curtain  of  fibre,  though  the 
practical  probleaa  of  thia  hind  of  approach  have 
not  yet  been  fully  considered. 

All  epeciaane  are  de-moulded  after  one  day 
and  atored  in  a  standard  high  humidity  roca 
(20  i  1°C:90%  +  H.b.)  until  immediately  prior  to 
tasting. 

WST  TEOflllOWS 

After  curing  apeclmana  are  rigidly  fixed  in 
a  target  frame  offering  firm  edge  support  to  tne 
back  facu  of  the  specimen,  with  the  4S0ao  square 
cast  face  pointing  towards  the  projectile  firing 
equipoent. 

The  projectile*  are  fired  remotely  in  an 
ancloeed  20c  long  firing  ranga.  A  7.62nxc  diameter 
rifle  barrel  it  attached  to  a  pressure  housing 
incorporating  a  braach,  firing  pin,  bolt  and 
trigger  mechanism  with  safety  catch.  The  pressure 
housing  la  itaeif  rigidly  attached  to  a  ateel 
frame  which  In  turn  it  bolted  to  the  range  floor. 
The  trigger  mtch»nltm  la  connected  by  e  detachable 
linkage  rod  to  an  11.4kg  pullout,  lSm  stroke 
length  mains  eolenoid.  ror  eefaty  reasons  the 
solenoid  is  activated  remotely  using  a  firi.,g  box 
fitted  with  an  arming  key  and  off-blaaed  switch. 
Connection  wiree  are  coaxial  and  a  capacitor  is 
used  acrosa  the  switch  to  reduce  electrical  inter¬ 
ference  with  ancillary  equipoent. 

Bullet  velocities  era  monitored  using 
phatodiode-bused  trigger  circuits  tc  start  and 
stop  an  electronic  timer.  Usually,  two  stations 
arc  used,  placed  close  to  the  target  end  one 
metre  apart,  although  the  option  of  uhlng  three 
stations,  both  co  give  a  velocity  check  end  sleo 
to  calculate  deceleration,  is  avmialble.  The 
timer  is  triggered  by  e  change  in  voltage  output 
experienced  by  the  photodolde  circuit  when  the 
bullet  passes  between  e  focussed  light  source 
.'id  the  light-sensitive  photodiode.  A  70-804 
tuccjaa  rata  ie  normally  achieved  with  this 
equipment,  failure  being  due  usually  to  ertsmal 
interference  causing  premature  triggs-xny. 

High  speed  photography  Is  being  used  in  an 
attempt  to  capture  the  detail  of  the  impact  event. 
Using  a  Barr  and  Stroud  rotating  mirror  camara, 
capable  of  e  framing  rate  up  to  two  million  frames 
per  second  over  30  frames,  a  serial  of  photographs 
of  the  bullet  in  flight  taken  at  l.ipa  intmrframe 
has  been  produoed.  The  variable  nature  of  both 
the  bullet  detonation  end  the  velocity  in  flight 
make  it  difficult  to  accurately  predict  the  time 
to  impact  of  the  projectile  with  any  degree  of 
precision  (relatively  to  the  camera' »  capabilities). 
Bence,  any  attempt  at  photographing  the  bullet 
In  thle  way  must  carry  only  e  limited  probability 


of  success.  In  ordar  to  of  feat  this,  a  rotating 
prisa  carters,  capabla  of  up  to  20,000  fraata  per 
second  ia  also  baing  used,  though  this  is  not 
capable  of  the  sane  amount  of  datajl. 

Variout  typos  of  detector  to  measure  crack 
velocity,  spall  characteristics,  atraaa  wave 
propagation  and  projtctlle  retardation  through  the 
target  are  also  under  development. 

POST  TTST  ANALYSIS 

Damage  to  an  Impacted  targe t  consists  of 
front  face  spall  damage,  a  burrow  and  poaaibly 
back  face  scab  damage.  Spalling  and  scabbing 
result  in  craters  being  formed,  the  extent  of 
damage  may  then  be  quantified  in  terna  of  the 
dimensions  of  these  depressions.  With  fibre 
inclusions  a  lot  of  damaged  material  remains 
loosely  attached  to  the  target.  This  le  removed 
to  expose  the  true  crater  whose  depth  at  various 
grid  points  can  be  found  using  a  specially 
constructed  r'g  with  depth  gaucu  connected  to  a 
displacement  transducer  which  In  turn  Is  connected 
via  an  analogue/digital  converter  to  a  nicro- 
coaputer.  Thlc  automatically  produces  crater 
profiles  and  calculates  crater  volumes.  Details 
have  been  given  by  Anderson  et  *1  (6) . 

Preliminary  teate  in  which  target  perfor¬ 
ation  occurred  showed  that  the  projectile  exit 
i,ole  was  rarely  in  line  with  the  initial  Impact 
hole.  Deviation  of  the  projectile  from  its 
original  flight  path  must  have  taken  place  within 
the  target.  Since  to  assess  the  resistance  of  the 
particular  specimen  it  ia  necessary  tn  measure  the 
penetration  path  length,  e  150««a  diameter  core  i:, 
taken  perpendicular  to  the  target  front  face  end 
containing  the  damaged  section  of  the  sample.  If 
the  slab  has  not  been  perforated,  thin  slices  ere 
sawn  from  the  rear  face  of  the  core,  and  parallel 
to  it,  until  the  harden *d  steel  tip  of  the 
projectile  is  encountered.  Using  both,  this  point 
and  the  entrance  position  of  the  projectile,  a 
most  probable  path  may  M  be  estimated  to  allow 
tin  oore  to  Je  sectioned,  thus  exposing  the 
burrow  formed  in  the  composite. 

msuurs  and  comknt 

T his  experimental  programme  is  still  in 
progress  end  very  few  statistical  series  have  been 
completed,  thy  as  serving  only  to  establish  the 
erithmstlcel  correctneme  of  tha  mlcrocosputnr 
bemad  analysis.  Verloaim  practical  difficulties 
have  yet  to  be  overcome,  including  control  of  the 
•ggregmta  moisture  content  end  a  valid  method  of 
emseteing  its  con tri cut ion  to  the  concrete  matrix. 
Since  along  the  dry  mix  spraying  process  water/ 
com  ant  ratio  is  controlled  by  the  spray  gun 
operator,  it  is  important  that  a  fundamental 
understanding  of  tba  effect  of  varying  water 
content  is  attainad.  It  it  considered  that, 
providing  a  rigorous  control  of  tha  fibra  concrata 
const. tuenta  can  be  ensured,  tha  surface  response 
theory  approach  should  give  an  acceptable  solution, 
within  the  limits  dictated  by  the  natu-e  of 
dynamic  tatting. 
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Sxperlaental  work  is  proceeding  to  establish 
the  mechanisms  of  failure  and  alao  to  record  the 
characteriitlce  of  the  overall  iapact  event. 
Examination  of  e  eectioned  sample,  after  pene¬ 
tration,  typically  ahows  a  crater  of  approximately 
lOO-UOna  diape  tar  and  30-40B8  depth  developing 
Into  a  burrow,  which  aay  be  itraight  for  the  firtt 
20-3Cna.  However,  probably  at  the  point  where  the 
copper  jacket  * trips  from  the  hardened  tteel  core, 
tho  penetration  path  daviatea  free:  the  original 
flight  path  (i.a.  no real  to  tha  iqpact  face)  by 
an  angle  of  up  to  approximately  80°,  tha  position 
of  this  deviation  ia  Barked  both  by  the  pretence  of 
the  jecket  and  alao  by  a  local  widening  of  tho 
burrow,  as  shown  in  Plata  1. 

Tha  hardened  steel  cor*  aay  then  continue 
along  tha  new  straight  path  for  a  distance  of  up 
to  70- 80m  before  coning  to  rest,  Plate  2. 
Alternatively  the  some  sort  of  distance  aay  be 
travelled  on  a  curving  path,  Plata  3,  which  stay, 
in  extxame  cases,  lead  to  the  projectile  cooing  to 
rest  in  e  direction  totally  opposite  to  its 
orientation  on  entry,  Plate  4.  It  should  be  noted 
that  these  targets  have  been  eectioned  end  the 
full  thickness  is  not  shown  in  Pistes  3  or  4.  If 
the  change  of  projectile  direction  it  extreme,  and 
perhaps  dependant  upon  whether  the  core  is  in 
collision  with  aggregate  or  mortar  iooediataly 
after  the  copper  jacket  ie  stripped,  the  hardened 
steel  core  nay  undergo  e  stress  which  axceoda  tha 
arterial  strength,  hence  the  core  fractures  and 
rapidly  cones  to  rest,  Plate  5. 


Preliminary  panatration  tests  carried  out 
on  specimens  prepared  to  datamina  the  mxIeub 
volume  of  OVLAP-29  which  could  be  incorporated  in 
the  concrete  nix  indicated  an  interesting  trend. 

In  several  cases  it  was  observed  that  normal 
penetration  depth,  aa  opposed  to  penetration  path 
length,  was  such  lower  than  expected  because  of 
gross  deviation  of  tha  projectile  during  pene¬ 
tration.  This  change  in  path  seeaa  to  have 
occurred  aa  the  projectile  travailed  through 
conglomerations  of  fibre  within  the  composite . 

These  conglomerations  of  fibre  were  e  result  of 
trying  to  incorporate  too  such  fibre  in  the  six. 
This  behevloui  suggest!  that  the  projectile  aay  be 
induced  to  deviate  during  penetration  by  in¬ 
corporating  a  serial  of  “relative  voids*  (compared 
to  the  desnity  of  the  concrete)  into  tha  cowpoaita . 
First  indications  axe  that  the  voids  need  to  be 
slightly  smaller  than  tha  projectile  length  to 
induce  instability. 

Soma  problems  exist  with  this  type  of 
approach  however,  the  first  being  that  it  is 
necessary  to  fully  understand  the  mechanises 
involved  in  the  projectile /composite  interaction 
in  order  to  ensure  that  deviation  does  occur. 
Another  problem  ie  tha  reduction  in  structural 
integrity  which  will  result  from  deliberately 
including  voids  in  the  concrete.  It  may  perhaps 
be  necessary  to  restrict  the  use  of  such  aaaterial, 
employing  it  solely  for  up-grading  proposes  on 
existing  structures.  The  difficulty  of  ensuring 
a  reasonable  distribution  of  “relative  voids"  using 


Plate  1  Penetration  of  hardened  steel  core  projectile  through  a  fibre  reinforced  concrete  target  showing 
deviation  of  pro jsc tile  path  whare  sheath  is  stripped  froa  projectile  core 


*  sprayed  concrete  procsss  would  also  need  to  lx 
ove races. 
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ABSTRACT 

.^J 

Thia  paper  iimamarisat  same  raoant 

analytical  and  experimental  work  on  pan** 
tration  into  geological  target*.  Maaulta 
from  aevsral  alaatic-plaatic  typa  thsoret- 
ical  soda  la  which  pradict  forcaa  on  pana- 
tratora  (or  nonaal  impact  into  dry  poroui 
rock,  ooncrata,  and  aaa  ioa  t areata  arc 
praaantad  and  compared  with  measurements 
free  fiald  taata.  Rigid-body  accalaration 
data  from  nawly  davalopad  laboratory  acala 
axpariaanta  for  impact  valocitiaa  batwaan 
0.2  and  1.2  km/a  ara  alao 


ANALYTICAL  MODELS 

In  racant  papara,  Porraatal  and 
Longcopa  [1,2,3]  develop  aavaral  alaatic- 
plaatic  typa  thaoriaa  to  pradict  forcaa 
on  conlcal-noaad  panatratora.  Conatitu- 
tivw  targat  deeeription  conaiata  of  a 
linaar  hydroatai  and  a  Mohr-Coulomb  fail- 
ur*  criterion  with  a  tanaion  cutoff  [4]. 
Mathematically, 

P  •  Kn  (la) 

°r  -  o0  ■  UP  +  T0  ,  tq  ■  (1  -  u/3)Q  (lb) 


>  -  Y  (lc) 


praaantad 


whara  p  ia  hydroatatic  praaaura,  n  la 
volumetric  atrain,  or,  eg  ara  radial  and 
circumferential  atraaa  coaponant*,  maa- 
aurad  poaitiva  in  compression,  0  ia  uncon- 
flnad  coapreaaiv*  atrangth,  and  Y  ia  tan- 
aila  atrangth.  Aa  ahown  in  [1,2],  thaaa 
aquatlana  provide  raaaonably  accurate  data 
fita  to  triaxial  Material  teat  data  for 
dry  porous  rode,  ooncrata,  and  aaa  ice. 
These  analyses  use  the  cylindrical  cavity 
approximation  [5]  which  ideal  1  tea  the  tar¬ 
get  am  thin  independent  layer*  normal  to 
the  penetration  direction  and  siaplifiea 
the  problem  to  one-dimensional  wave  propa¬ 
gation  in  the  radial  direction.  Governing 
equation*  ara  subsequently  reduced  to 


nonlinear  ordinary  differential  aquation* 
with  a  similarity  transformation  and 
aolvad  numerically  or  in  cloaad  form. 

Layer*  of  targat  satarial  ara  *x- 
pandad  by  tha  panatrator  nose  which  opens 
a  oavity  large  enough  to  permit  pan* tra¬ 
tion  .  Thia  a xp ana ion  produce*  annular 
region*  of  plaatlo  and  clastic  response . 
Porraatal  and  Longcopa  [1,2,3]  develop 
four  target  response  models)  rigid- 
plastic,  alaatic-plaatic,  rigid-cracked- 
plaatic,  and  alaatic-craokad-plaatic.  Tha 
alaatic-plaatic  modal  is  derived  first  and 
results  shew  that  circumftrential  targat 
■  t  re  aaa*  in  axoaas  of  reported  tensile 
failure  values  [4]  can  be  developed.  To 
correct  for  thia  inadaquacy,  tha  rigid- 
cracked-plaatlc  modal  ia  davalopad.  Thia 
modal  has  three  region*  of  response ;  a 
plastic  region  next  to  tha  penetrate r 
no**,  a  radially  cracked  region  with  cir- 
cumfarantial  atraaa  sat  to  taro,  and  a 
rigid  region.  Aa  typical  with  rigid 
region*  in  plasticity  aolutiona,  particle 
velocity  ia  taken  aa  *ero  and  the  stresses 
aim  taken  aa  those  froa  the  static  solu¬ 
tion  [6],  Por  the  alaetic-cracked-plaatic 
model,  the  rigid  region  is  replaced  by  an 
elastic  region. 

To  oalculete  penetration  resistance, 
radial  stress  on  the  panatrator  no**  is 
required  aa  a  function  of  the  target  mate¬ 
rial  properties,  penetrator  no**  shape, 
and  penetratcr  axial  velocity.  As  derived 
in  [7],  the  axial  resultant  force  on  a 
conical  nose  ia  given  by  ' 


r  -  i*2  ur  (2) 


where  a  is  the  radius  of  the  cylindrical 
aftarbody  and  or  ia  tha  radial  atraaa  on 
tha  penatrator  nose  calculated  froa  tha 
targat  motion  analyses  described  above. 
Radial  atressas  on  the  penatrator  noaa 
froa  the  four  respona*  modal*  for  a  aaa 
ioa  targat  with  p0  »  0.12  Mg/m3,  K  ■  4.0 
GPa,  To  “  10.5  IPs,  i)  ■  0,  Poisson's  ratio 
v  *  0.27,  and  Y  •  0.16  MPa  are  ahown  in 


/ 


in  Fig.  1.  These  data  and  aquation  (2) 
can  aaaily  ba  applied  to  obtain  panetra- 
tor  rigid-body  notion.  Radial  atraat 
curvas  of  the  typ*  shown  in  fig.  1  are 
given  in  [1]  for  a  concrete  target  end  in 
[2]  for  a  dry  poroua  rook  target. 


COMPARISON  Of  PREDICTIONS  KITH 
FIELD  TEST  DATA 

Tait  results  for  penetration  into 
pack  ice  targets  located  in  the  Lincoln 
Sea,  near  Alert ,  Northwest  Territory! 
Canada!  are  reported  by  Yowg  [9].  The 
penetrators  had  total  length  1.07  m, 
outer  diaaeter  70  m,  a  conical  noee  with 
length  140  an,  and  mags  23  kg.  four  pen*- 
tratora  ware  air-dropped  and  impacted  the 
pack  iea  layer  at  V,  -  151  a/a.  Onboard 
accelerometers,  signal  conditioning  equip- 
sent,  end  e  transmitter  were  oontained 
within  the  penetrators.  tbs  transaittsr 
package  occupied  the  aft  It  sa  of  the 
penetretor  end  was  stripped  from  the  mein 
penetrator  by  fins  which  eventually  inter¬ 
acted  with  the  ioe  target  near  the  eur- 
fsoe.  Thus,  the  transmitter  remained  near 
the  ice  surface ,  remained  electrically 
connected  to  the  stain  penetrator  with  e 
trailing  line,  and  transmitted  accelera¬ 
tion-tin#  data  to  an  airborne  receiving 
station.  Pour  dace .oration-tine  records 
with  1  kHfc  resolution  ere  presented  by 
Young  [S]  and  one  of  these  records  is 
shown  in  rig.  2. 

Prediction*  of  rigid-body  penetrator 
decelerations  using  .iounda  on  the  shear 
strength  data  are  alio  shown  in  fig.  2, 
rron  Pig.  1  and  equation  (2) ,  daoslaration 
is  calculated  from 

dv 

»  ttI  "  <» 


where  n  ie  the  penetretor  mesa.  The  pene¬ 
trator  etrikes  the  target  at  V,  -  15*  a/e 
and  the  calculation  starts  when  the  nose 
is  fully  esbeddad.  After  nose  penetra¬ 
tion,  t  >  1  ms,  the  theory  predicts  e 
alight  decay.  At  t  *  •  ns,  tbs  penetretor 
hea  traveled  one  body  length  end  it  ie 
slewed  that  the  transmitter  package  with 
naas  3.2  kg  has  been  suddenly  removed  by 
the  ioe  crater.  This  mass  change  produces 
the  acceleration  jumps  shewn  in  fig.  2. 
After  t>  In,  the  penetrator  progresses 
with  mass  19.5  kg  and  eventually  coast  to 
a  sudden  atop.  The  sudden  ds os le ration 
change  occurs  because  a  minimum  threshold 
value  of  radial  stress  Is  required  to  open 
a  cavity  and  permit  penetration.  This 
threshold  strsss  is  the  quasi-static 
solution  shown  in  Fig.  1  tor  V  approaching 
sato. 


Corps  risen  of  predictions  and  mea¬ 
surement  from  a  field  test  into  Antelope 
tuft,  a  dry  porous  rock  target,  st  the 
dandle  Tonopah  Test  Range,  Nevada,  is 
shewn  in  fig.  3.  This  penetrator  has  - 
total  length  1.56  m,  afterbody  diameter 
0.1$(  m,  mass  142  kg,  and  an  ogival  n«ee 
with  4.0  CM.  The  previously  discussed 
theorise  are  developed  for  QOnieal-nose4k 
penetrators,  whs  re u  this  penetrator  hea.' 
an  ogival  noee.  Data  from  several  hun¬ 
dred  soil  penetration  tests  [10]  indicate 
that  a  4.0  CM  ogival  nose  and  a  oonloal 
nose  with  half  apical  angle  4  -  tan”*  0»S8 
ere  nearly  equivalent  and  this  is  ussd  for 
the  trajectory  calculation,  for  this  test 
the  penetrator  was  proptllsd  with  a  Davis 
gw  and  impacted  the  Antelope  tuff  layer 
at  520  m/»»  other  test  details  art  report- 
ad  in  [2]. 

As  discussed  in  [2,9],  sliding  fric¬ 
tional  for  os*  produos  an  additional  source 
of  resistance  to  penetration  end  the  pre¬ 
dictions  shown  in  fig.  3  ineluda  and 
neglect  eliding  friction,  frictional 
resistance  is  velocity  dependent  [11]  and 
this  mechanism  is  required  in  order  to 
qualitatively  predict  deceleration-time 
profiles  into  dry  poroua  rook  targets. 


LABORATORY  SCALE  EXPERIMENTS 

Recent  laboratory  experiments  ware 
devised  [12]  In  order  to  complement  field 
test  programs  and  to  obtain  data  at  im¬ 
pact  velocities  beyond  the  current  field 
test  capability .  Qas  guns  are  used  to 
accelerate  foundry  core  targets  (s  simu- 
letsd  soft  saadstena)  to  steady  velocities 
after  which  the  target!  impact  20.4  mm 
diameter  penetrators  instrumented  with 
piesoelectrio  accelerometers.  Rigid-body 
soosltmion  data  are  recorded  for  one 
ogival  and  two  conical  nose  shapes  over 
impact  velocities  between  0.2  and  1.2 
km/e.  Data  from  these  penetration  experi¬ 
ments  show  a  departure  in  the  scaling  law 
which  relate*  foroe  to  penetrator  velocity 
for  all  three  nose  shapes  at  iapaot  veloc¬ 
ities  in  the  neighborhood  of  0.5  to  0.6 
km/s,  which  is  currently  the  limiting 
impact  velocity  for  full  scale  teste. 

Data  and  a  power  law  fit  for  s  6.0 
CM  noee  shape  are  shown  in  Pig.  4.  Pene¬ 
tration  data  in  Pig.  4  were  obtained  from 
ej®erin*afc*  conducted  on  the  Air  force 
Deepens  Laboratory  102  am  bore  gas  ',«& 
and  tbs  university  of  Dayton  Research 
Institute  171  am  bore  gas  gut.  Mjarity 
of  the  data  wore  obtained  with  the  102  am 
gw  and  the  experimsnts  with  the  179  am 
gw  ware  conducted  in  order  to  demonstrate 
that  ample  else  did  not  significantly 
affect  penetration  reaietanoe. 


The  analytical  Kdtli  discussed  pre¬ 
viously  iri  elastic-plastic  Models.  How¬ 
ever,  trlaxlal  taat  data  for  the  foundry 
oora  Mtarial  (12)  iivUoata  oo  yielding 
of  tha  Mtarial  aad  tha  exiating  aodala 
ara  not  diraotly  applicable.  Work  on 
Modal  in  9  of  tha  foundry  oora  Mtarial  and 
developing  a  penetration  thaory  for  thia 
target  Mtarial  will  ba  oondueted  in  tha 
future.  linoa  aaplrioal  nodal a  ara  widely 
uaad  aa  predictive  tools ,  tha  data  in 
Pig.  4  can  ba  dasoribad  conveniently  in 
tha  fora 


P  -  KVn  ,  0.5  <  V  <  1.2  ka/a  (4) 


where  K  *  10J,  n  ■  1.21,  and  P,  V  have 
unita  of  kit,  ka/a.  Tha  root  Man  rala- 
tiva  arror  for  tha  data  fit  ia  0.4  pa  roan t . 
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Fig.  1.  Radial  strata  on  the  penetrator 
conioal  nose.  V  •  V  tan  4, 

c!  ■  K/P.  where  V  is  axial 

p  o  t 

penetrator  velocity  and  4  is 
tha  half  apical  noee  angle. 
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Pig.  3.  Dsooisratioe-tijM  r*«j ure*»at  and 
predictions  for  a  dry,  porous  roc^ 
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Investigation*  of  th#  penetration  b«- 
lour  of  deformable  projectiles  la  to* 
arced  concrete  H«Im  ihv  that 
sealee!^;  penetration  focmelaa  bevelop- 
for  rigid  projootllo*  in  aot  eppll- 
1*  to  describe  th*  penetration  at  lm- 
t  velocities  between  100  and  *00  m/s. 
measured  orator  depths  art  smaller, 
divergence  increases  with  higher  ve¬ 
locities,  beoau**  tho  projectile  de- 
formation  itaolf  ooneumoa  a  oooatdarabls 
amount  of  tho  kinetlo  energy  of  tho  pro¬ 
jectile. 


XNTIIODOCTXOM 


ho fora  and  during  World  Mar  IX  many 
experimental  Investigations  concerning 
penetration  and  perforation  of  projee- 
tlloo  Into  cone  rot*  alabs  how*  boon  per¬ 
formed.  Tho  result*  of  tho**  to*t#  formed 
a  data  baa*  for  many  empirical  and  eemi- 
ooplrloal  formulas.  However,  thaoo  for- 
Mulaa  or*  atrlotly  applicable  only  fox 
this*  input  data. 

Xn  rooont  yoara  special  emohaala 
has  boon  given  to  tho  problems  of  Impact 
of  highly  deformable  projectiles ,  o.g. 
airplane  craah  on  o  nuclear  power  plant. 
The  purpoae  of  investigation*  porforood 
at  tho  krnat-Mach-Inatltut,  Freiburg,  la 
to  a  tody  tho  penetration  at  well  aa  de¬ 
formation  of  highly  deformable  projec¬ 
tile*  within  the  velocity  range  between 
too  and  400  o/a.  The  Influence  of  target 
dinenalotia  on  the  oreter  depth  will  bo 
discussed. 


FACILITY  DMCimitW,  PHOJXCTIU 
AIR)  SABOT  DRSIOM 

The  launcher  (Fig.  t)  is  e  com* 
preaeod  air  gun  for  the  1cm  velocity  re¬ 
gime  (SO  -  ISO  m/a)  end  a  normal  powder 
gun  for  the  higher  u^ect  velocities . 

For  both  configuration*  the  same  launch 
tube  la  ueod.  The  launcher  oonaiet*  of  e 
pretaure  reservoir  and  *  smooth -bore 


)00  an  diameter  launch  tub* .  a  diaphragm 
separata*  the  two  parte,  mylar  or  aluminium 
are  seed  as  dlaphrsm  material*.  Frosaure 
roaorvolr  and  launch  tube  asm  coupled  with 
e  hydreullo  clop.  The  velocity  or  th*  teat 
itar  ia  eon trolled  by  varying  th*  pressure 
in  tho  ease  of  air  gem.  The  gun  la  fixed 
on  a  stadia  platform. 

The  pun  firm*  Into  e  closed  rang*. 

This  reaps  consists  of  three  parte  trig. 2)  i 
a  bloat  took  ! )) ,  the  velocity  measurement 
station  (4)  and  the  impel  tank  (S).  babot 
eeparatloo  from  th*  projectile  takes  plaoe 
in  the  bleat  tank.  measurements  of  projec¬ 
tile  velocity  ere  typloelly  performed  on 
each  teat  using  two  direct  shadowgraph 
stations  with  point  light  sources  and  an 
electronic  oounter.  Th*  point  apart  light 
sources  nr*  triggered  oy  laser  light 
eoreena  or  by  rupture  of  a  thin  copper 
wire. 


Two  typloel  shadowgraph)  picture*  with 
th*  no**  of  th*  project 11*  or*  ahown  in 
Fig.  1,  The  projootllo  velocity  1*  deter¬ 
mined  to  an  accuracy  of  about  >0,1  I . 

The  ocnoreta  slabs  or*  suspended  in  th* 
Impact  tank.  The  angle  of  incidence  con  be 
varied  fro*  0°  up  to  th*  rloochot  angle  by 
rotating  tho  target  suspension.  The  pro¬ 
jectiles  ere  seeled  500  lbeend  1000  lbs 
general  purpose  bomb  models  (seal*  factor 
1  i  4,5) .  loob-modele  end  target*  have 
been  scaled  according  to  th*  seeling  lew* 

(Hi 

1.  All  linear  dlmaualona  of  th*  targets 
and  projectile*  a Sou  Id  be  reduced  In 
proportion  to  th*  seel*. 

2.  Original  and  model  should  have  th* 

same  geometrical  shape.  , 

3.  me  models  and  th*  originals  should  r 
have  th*  asm*  densities  and  strength 
properties , 

4.  Th*  Impact  velocities  of  full  seal* 
and  model  teat*  should  be  equal. 

The  aoaled  bomb-models  are  ahown  is 
Pig.  4.  Only  th*  mean  dimensions  of  the 
boob -model*  are  scaled  exactly.  Details 
like  fins,  fuse  etc.  have  bean  ignored. 
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flc.  1  Photo  of  lapeot  facility 


Fla,  2  Soheaatlc  of  lapect  facility 


The  sabot  for  the  1  «  4.5  aealed  OP-boato” 
sedals  la  a  four  plooea  sabot  with  a  poly- 
• thy  lone  puaher.  its  function  la  to  pro- 
toot  the  boob-nodal  frca  high  pressure 
and  to  guide  and  accelerate  the  projectile 
in  tha  launch  tube.  It  oust  terra  aa  a 
good  proeaure  sealing  during  the  aeoe- 
1 oration.  The  sabot  should  1m  aa  light  a a 
possible  and  aa  atrong  aa  possible,  Hard 
atyrofoan  la  uaad  fur  tha  four  places, 


beeauae  this  notarial  la  light  and  rets- 
tivaly  atrong.  For  higher  valoeltlea  tha 
f'-on-eaterial  can  be  relaforoed  with 
stronger  seteriala,  fibers  eto.  Tha  eahot 
configuration  la  shown  in  fig.  $. 

Tha  targets  era  oonereta  slabs  of 
quality  MSS  with  cubic  reinforcement. 

The  else  of  tha  target a  was  60  a  fo  a  «oea, 
thick  enough  to  prerent  apellatica  at  tlie 
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Ha.  i  Sabot  coot ; jurat l on 


-tilj—i  •♦'•dowgrephs  of  tha  projectile 


r*u  aids  of  tha  target.  Thus,  tha  target 
oan  ba  considered  semi-inf inlta,  bacauaa 
tha  target  thirknesa  wea  substantially 
thicker  than  tha  oratar  dnpth  for  all 

tatta 


boafc  aodal a 


RESULTS 

Tha  measured  oratar  daptha  produced 
by  tha  iOO  Lbe-GP  bomb- model  ara  shown  In 
fig .  t  In  comparison  with  wall  known 
penetration  formulas)  Retry  formula. 

Corps  of  Engineer*  formal*  {COE!  and 
Rational  Defence  hat* arch  Coamltte*  tHN- 
KDRC)  formula. 

within  tha  velocity  range  investigated 
a  considerable  discrepancy  between  measur¬ 
ed  and  predicted  crater  depths  is  obvious, 
all  experimental  dots  range  below  tha 
calculated  ones,  only  tha  retry  formula 
gives  same  accordenoe  with  tha  experimental 
data  at  law  velocities  (too  -  tso  m/a). 

Tha  reason  for  this  discrepancy  oan  ba 
derived  from  rig.  7.  It  shows  that  the 
projectiles  behave  as  rigid  bodies  only 
up  to  a  velocity  of  about  too  m/a,  for 
higher  velocities  plastic  deformation  is 
of  increasing  influenoe.  An  increasing 
amount  of  kinetic  energy  ia  needed  for  tha 
deformation,  reducing  tha  energy  portion 
available  for  cratering.  In  addition, an 
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Flo. 9  Penetration  depth  versus  Inpact 

Velocity  tOOnperlBOn  with  formulas) 


Fla.  7  D»!om»d  bcnb  nodule 

Increase  of  the  projectile  cross  section 
lc  observed,  which  leads  to  lowar  pene¬ 
tration  depths.  lino*  19?)  several  lnpsct 
formulae  have  bean  developed  for  deform¬ 
able  projectile  pa oat rat Ion.  One  of  thee 
lc  the  Star-formula  (1,1) . 

la  Fig.  •  tha  Kar  formula  it  clotted 
together  with  tha  penetration  depths  ob¬ 
tained  fro«  tha  500  lha  and  1000  lbs  wo- 
del-hosbe.  It  la  la  pood  acoordanoa  with 
tha  experimental  data  obtained  with  tha 
1000  lha  aodal-bcabe  hawing  a  smaller 
cell  bar/ wall  thickness  ratio  than  tha 
SCO  Ibe  acdsl-besbe.  For  the  more  de¬ 
formable  500  lbe  bomb  models,  however, 
aooordaaoe  lc  only  obeorvod  at  lower  ve¬ 
locities  (<  150  a/a) .  The.  paoatration 
formula  of  Kar,  therefore  teem  to  be 
valid  only  for  weakly  deferrable  pro¬ 
ject).  i®»  .  Furthermore  the  Influence  of 
the  angle  of  iaeldenoe  on  cratering  has 
been  investigated,  in  Fig.  9  oor respond¬ 
ing  penetration  depths  tor  0°,  15°  and 
an  plotted  versus  the  Unset  ve¬ 
locity.  The  J0°  values  are  ooly  in 


fis.  t  Fooetratloa  depth  versus  lapse t 
velocity  (eonperleon  with  Rar- 
formule) 


inpact  angles 


accordance  up  to  velocities  of  about 
150  a/e.  For  higher  velocities  the  pene¬ 
tration  depths  are  no  longer  Increasing. 

The  considerable  scatter  of  data  for 
obllgue  Inpact  is  due  to  an  increasing 
influence  of  the  rslnforoeacnt.  It  le  well 
known  that  no  Invluenee  of  piste  thickness 
on  crater  depth  le  meeureble  if  tha  plate 
thickness  it  more  than  three  time  tha 
crater  depth.  For  lower  values  wo  observe 
a  Rare  or  lees  strong  influence  of  the 

?lats  thickness  on  the  crater  depth.  Only 
lttle  Is  known  about  tha  Influence  of  the 
lateral  plate  dimes  lens  on  crater  depths, 
in  order  to  study  this  influence,  plates 
with  different  lateral  dlmnslone  have 
been  lapse  ted  and  also  plates  with  iden¬ 
tical  dlmnsiona  were  inpactsdaso  differom. 
distances  fro*  the  edge  of  the  plates,  lha 
results  show  that  in  both  cases  only  a 
mall  Increase  of  crater  depth  wea  ob¬ 
served  as  long  aa  tha  osetar  depths  are 


30 


■uch  iMlitr  than  th#  thlcknaa*  of  tha 
plataa. 

CONCLUSION 

Tha  raaulta  daawnatrata  that  tha 
panatratlon  bahavlour  of  highly  dafnnaablw 
projactllaa  in  concrata  la  aubatant  1  a  1  ly 
dlffarant  fro*  tha  panatratlon  of  rigid 
bodla*  and  tharafora  *claaalcal*  pana¬ 
tratlon  fonauloa  cannot  ba  appllad. 
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■  ABSTRACT 

V 

Research  has  ahovn  ihst  rwsoval  of  large, 
partially  damaged,  concrete  •mnwey  alahs  la  a  aajor 
elonent  In  the  tine  required  to  perform  a  rummy 
repair  operation.  A  rapid  as.' hod  for  cleanly  cut¬ 
ting  away  damaged  sections  Mould  significantly  re¬ 
duce  overall  repair  time.  Shaped  charges  are 
potentially  Just  such  a  rapid  rummy  cutting  tech¬ 
nique.  This  paper  presents  the  results  of  field 
tests  designed  to  evaluate  the  runuey  cutting  abil¬ 
ities  of  standard  and  linear  ahaped  charges.  A 
serlaa  of  25  runway  cutting  taata  use  conducted  on 
the  1-ft-thick  (4  In  of  asphalt  +  8  In  of  eon- 
crate)  undamaged  taxiway  aegsmnts  conatructad  for  a 
racant  Air  Force  test  progras  at  tha  White  Sands 
Mlaslla  Range.  Although  TOW  warhead  charges  suc¬ 
cessfully  panatrated  well  Into  the  subgrsde,  no 
cracks  were  observed  betveer  holes,  even  at  the 
closest  charge  spacing.  Arrays  of  linear  ahaped 
charges  ware  successfully  fired  to  produce  a  rela¬ 
tively  emooth,  uniform  cut  through  the  concrete. 

It  wee  found  that  Inexpensive,  "haavamde"  linear 
charges  gavs  result •  comparable  to  commercially 
manufactured  charges^ 

i  '' 

■BACKGROUND 

Tha  U.  S.  Army  Corps  of  Engineers  la  charged 
with  responsibility  for  .runway  repairs  at  U.  S.  Air 
Force  (USAF)  alrfltlda  damaged  by  conventional  at¬ 
tack  when  such  repairs  exceed  USAF  on-oite  capa¬ 
bilities.  Tha  Importance  of  this  wartime  mission 
la  obvious  In  light  of  our  commitments  In  both 
Europe  and  tha  Middle  East,  where  rapid  serial  re¬ 
inforcement  and  resupply  will  be  essential.  Re¬ 
search  on  Repair  and  Restoration  of  Paved  Surfaces 
(REREPS)  has  bean  performed  at  the  Waterways  Ex¬ 
periment  Station  (ms)  to  develop  an  Improved  Army 
capability  for  rapid  runway  repair  under  ccmbat 
conditions . 

REREFS  research  has  shown  that  removal  of 
large ,  partially  damaged ,  concrete  runway  slabs 
la  a  major  clement  In  the  time  required  to  perform 
a  runway  repair  operation.  A  rapid  method  for 
cleanly  cutting  away  the  damaged  portions  of  these 
slabs  la  needed  to  significantly  reduce  overall 
repair  time.  Soma  cutting  techniques  currently 
under  Invest lgat Ion  Include  concrete  saws,  water 
jets  and  shaped  charges.  This  paper  preaente  the 
results  of  shapad  charge  runway  cutting  testa 


conducted  by  the  WES  Structures  Laboratory  (with 
the  aaslatance  of  personnel  from  Company  D,  52nd 
Englnaar  Battalion  (Ft.  Bllaa,  TX))  at  tha  White 
Sands  Kiss ils  Range,  tti. 


OBJECTIVE 

The  study  objective  wes  to  evaluate  shaped 
charges  as  a  sears  for  rapidly  cutting  damaged 
runways.  Specific  teat  objectives  were  to  evalu¬ 
ate  the  ru»r.y  cutting  abilities  of  conical  shapad 
charges,  and  commercially  manufactured  and  "home- 
nade"  linear  shaped  charges. 


Shaped  charge  runway  cutting  testa  were  con¬ 
ducted  on  undamaged  taxiway  segments  constructed 
for  recent  Air  Force  quantity-distance  experiments 
at  the  Queen  15  site  on  the  White  Si.dt  Missile 
Range,  W.  The  taxlways  were  built  to  design 
standards  currently  in  use  at  USAF  Europe  bases 
in  Germany.  Pavements  consisted  of  8  in  thick 
unreinforced  concrete  slabs  overlain  by  4  in  of 
asphalt,  and  underlain  by  a  6  In  stabilised  aggre¬ 
gate  baee  course  over  a  compacted  subgrade 
(Figure  1) . 

WES  obtained  a  number  of  surplus  TCW  (Tube- 
launched,  ootlcslly-trackad,  wire-guided,  antitank 
weapon)  warheads.  The  TOW  warhead  consists  of  a 
conical  shapad  charga  approximately  5  In  diameter 
containing  5.4  lb  Composition  B  explosive  (Fig¬ 
ure  2).  Tha  warheads  were  fired  individually  to 
determine  optimum  standoff  and  in  linear  'irrays  to 
determine  if  the  slab  would  fracture  between  pene¬ 
trations.  The  charges  were  statically  fired  with 
the  windbreak  left  inplaca  giving  a  minimum  shapad 
charge  standoff  of  4.2  in.  Standoffs  for  indivi¬ 
dual  firings  ranged  from  this  minimum  to  a  maximum 
of  2.85  ft.  Tha  linear  arrays  wars  flrri  with 
a  pacings  of  9,  12,  and  18  in,  all  using  the  mini¬ 
mum  scant  ff. 

Commercial  linear  shapad  charges  were  pur¬ 
chased  "off  the  shelf"  from  Jet  Research,  Inc  (JR), 
Arlington,  Texas,  in  2.5  and  4.5  Ib/ft  designs. 

Tha  charges  contained  Composition  B  as  the  primary 
explosive.  The  manufacturer’s  quoted  price  was 
$125  and  $145  per  ft  length,  respectively.  The 
2.5  In/ ft  charga  cornu  with  an  underwater  housing 


(Figure  3),  giving  a  minimum  atandoff  of  1 . 75  In. 
Tha  4.5  lb/ft  charge  (Figure  4)  could  be  placid 
directly  on  the  target  eurfece  (0  in  alnlaua 
atandoff,  i.«.,  with  no  ataodoff) . 

In  an  earlier  atudy  at  VIS,  tha  affectlve- 
naaa  of  nltrockthanc  (M)  a*  an  exploelve  uource 
in  "homamada,"  conical  aheped  aharyea  uea  inves¬ 
tigated.  Although  it  uaa  found  that  tvlca  aa  much 
NH  uaa  needed  to  obtain  the  seat  aheped  charge 
penetration  dapth  aa  standard  shaped  ehargei 
using  solid  uploiiva,  It  uea  felt  that  M  has 
several  overriding  advantages .  The  edvantagea 
of  using  for  axaapla;  1)  it  la  classified  aa  a 
flammable  liquid  and  la  shipped  and  stored  aa 
auch,  and  2)  as  a  liquid  It  hat  unlfota  properties 
and  asaiaaa  the  shape  of  the  container  used.  Con¬ 
ventional  shaped  charges,  on  the  other  hand,  utt 
high  explosives  and  arc  subject  to  tha  shipping 
end  storage  restrictions  of  those  material*,  vith 
controls  much  enra  stringent  than  those  for  flam- 
eable  materials,  because  of  thaaa  reduced  re¬ 
strictions,  the  use  of  (H  for  runvmy  cutting 
chargee  could  be  a  distinct  advantage  at  ItSAf 
Europe  baaec,  with  thalr  congestion  and  llaitad 
munition  storage  capacitlaa. 

Tha  KM  linear  shaped  charge  container  uaad 
in  these  teats  eaa  designed  and  fabricated  at  WES. 
This  container  la  sbovn  In  Figure  5  (plan  and 
croa a- sectional  view).  A  3/16  In  thick  brass 
Ilnur  vith  60*  Included  angle  end  4  in  throat 
vidth  uaa  selected  for  this  charge.  Thus,  tha 
liner  thickness  is  4.7  percent  of  the  throat 
width,  which  la  larger  than  tha  normal  rang*  of 
0.5  to  3  percent  for  conical  shaped  charges. 
United  comparative  testing  vith  1/8  and  3/16  In 
thick  liners  at  WES  indicates  that  tha  thicker 
liner  parfoimeo  batter  for  eotl  penetration.  A 
4  ft  charge  length  uaa  aalaetpd  to  Insure  that  the 
detonation  uould  propagate  In  t  linear  fashion. 


RESULTS 

Shot  gacaatry  and  penetration  data  are  pre¬ 
sented  in  Table  1.  The  hole*  produced  by  all  TOW 
uarhtad  firings  era  sketched  In  Figure  6.  Tha  TOW 
penetrated  tha  pevtatnt  uithout  difficulty,  reach¬ 
ing  a  aaxlaux  holt  dapth  of  7.2  ft  at  th«  alnlaua 
standoff  of  0.35  ft.  Typically,  the  warhead 
cratered  the  4  in  thick  bltuvlnoua  surface  layer 
of  the  pavement ,  end  punched  a  holt  on  tha  order 
of  2  in  in  dimeter  through  tha  underlying  con¬ 
crete  and  well  Into  the  aubgrad*.  However,  no 
lntarhola  concrete  cracking  uaa  noted  in  any  of 
the  linear  arrays  (even  vith  a  charge  spacing  aa 
close  as  9  In),  although  cha  asphalt  layer  tea 
usually  excavated  batuaen  shot  holes  by  the  bleat. 

The  W4  linear  shaped  charge  craters  are 
sketched  in  Figure  7.  Thaaa  chargee  shoved  a 
capacity  to  satisfactorily  penetrate  tha  taxiuay. 
The  eaxiaue  penetration  of  1.0  ft  via  obtained 
free  charges  at  4  In  atandoff,  or  ona  throat 


width  above  tha  surface.  Typically,  tha  cratar 
width  in  tha  asphalt  was  2  ft,  or  3  to  4  tines 
tha  cratar  width  In  the  underlying  concrete, 
ttten  individually-boosted  !*t  linear  shape*.  chargee 
eit  placed  end-to-end  and  detonated  through  a 
prleacord  ring  ealn,  they  successfully  sustained 
a  relatively  unifora  cutting  action  over  the 
length  of  the  array. 

Craters  produced  by  the  JR  commercial  Ilneer 
aheped  charges  are  aketched  in  Figures  8  and  9 
(2.5  and  4.5  lb/ft  chargee,  respectively) .  The 
charges  performed  bast  at  tha  Manufacturer's 
built-in  standoffs  of  1.75  and  2.25  in  for  the  2.5 
and  4.5  lb/ft  chargee,  respectively.  The  aoaller 
charge  did  not  ccmplataly  penetrate  the  concrete. 
The  larger  JR  charge,  lika  the  NM  charge,  uea  just 
adequate  for  thle  purpose.  It  also  damcnetrated 
tha  capability  to  excavate  a  relatively  amooth  cut 
over  whatever  distance  eight  be  desired.  Including 
a  cut  around  a  90*  corner  (Shot  25). 


DISCUSSION  AMD  CONCLUSIONS 

An  early  Flcatlnny  Araanal  raport  (Rafer- 
ance  1)  indicates  that  th«  conical  shaped  charge 
penetration  roughly  ocalea  in  proportion  to  the 
cube  root  of  the  explosive  charge  weight  In  pane- 
frost.  Using  the  analogy  of  spherical  cratering 
chargee  to  linear  cratering  (ditching)  charges, 
square  root  scaling  of  linear  shaped  charge  pene¬ 
tration  ia  suggested  as  a  logical  extension.  Tha 
aaxlma  penetration  of  the  2.S  and  4.5  ft/lb  JR 
charges  and  tha  WES  12  lb/ft  tti  charge  are  plotted 
in  Figure  10  in  an  attempt  to  provide  Intonation 
for  prediction  of  tha  linear  shaped  charge  neces¬ 
sary  to  cut  various  runway  thicknesses . 

Square  root  scaling  curves  are  preaented  in 
Figure  10  for  the  4.5  lb/ft  JR  charge  and  tha  WES 
12  lb/ft  (W  charge.  The  7.5  !b/it  JR  charge  pene¬ 
tration  data  point  fell*  3BX  below  tha  prediction 
curve.  Thle  la  probably  due  to  tha  fact  that  the 
smaller  JR  charge  waa  not  an  exact  physical  Modal 
of  the  larger  cherga,  and  partly  due  tu  normal 
data  scatter.  A  larger  sample  of  penetration  ver¬ 
sus  optlaua  atandoff  data  is  nectaaary  before  a 
statistical  scaling  relation  can  b*  datarulned. 

The  TW  warheads  are  not  by  thaasalvea  uae- 
full  is  cutting  runuey  slabs.  Linear  shaped 
charge*  art  a  faaaibla  Method  for  rapidly  cutting 
runway*  so  as  to  peralt  removal  of  damaged  elabs. 
Final  proof  of  this  awaits  a  full  acale  daaonatra- 
tlon  to  include  rmmoval  of  a  slab. 
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ABSTRACT 


Impact  forces  froa  hardened,  concrete  targets 
to  *  General  Purpose  Warhead  (bomb)  can  In  some 
cases  cause  outer-case  failure  and  breakup  of  the 
high  explosive  (HE)  filler  prior  to  fuse 
Initiation.  The  detonation  that  Is  expected  to 
occur  under  reliable  penetration  and  for  totally 
confined  conditions  can  be  reduced  to  that  of  a 
rapid  deflagration  with  reduced  damage  to  the 
target/structure.  This  paper  presents  the 
solution  to  the  dynamic  equations  of  motion  for 
gas-particle  systems  that  simulate  In  one- 
dimension,  the  high  pressure,  subdetonation  speed 
reactions  In  such  beds  of  fragmented  high 
explosive.  It  Is  clear  froa  the  results  presented 
that  Initiation  of  a  damaged,  fragmented  explosive 
will  not  necessarily  result  In  e  strong  detonation 
If  the  mass  and  momentum  losses  from  side  vents 
(caused  by  the  Impect)  ere  sufficiently  large, 

INTRODUCTION  r 

The  application  of  GP  warheads  on  expensive, 
high  priority  sorties  against  hardened  targets 
requires  maximum  reliability  of  penetration  and 
detonation.  Conditions  can  exist  (off-exls 
Impect;  superior  herdenlng)  In  which  the 
conventional  munitions  fall  to  penetrate  and 
detonate.  The  warhead  failures  are  most  often 
case  fel lures  (where  the  loads  during  Impact  cause 
rupture  of  the  case  and  fragmentation  of  the  high 
explosive)  prior  to  fuse  functioning.  The  result 
can  be  low-order  detonation  or  unsteady 
deflagrations  within  the  damaged  explosive 
Itself.  However,  such  "explosive"  reactions  can 
still  exhibit  measurable  lethal  effects  against 
substantial  concrete  structures,  especially  If  the 
explosive  Is  tertlally  contained  (by  the 
surrounding  soil,  for  example.) 

figure  1  Is  a  sketch  of  a  SP  bomb  that  has 
cratered  e  concrete  surface  by  Impect  only, 
causing  partial  case  failure,  and  more 
Importantly,  causing  sections  of  the  high 
explosive  to  be  fragmented  Into  a  configuration 


which  1$  similar  to  a  packed  bed  of  explosive 
grains. 

What  Is  envisioned  to  follow  the  impact  and 
fragmentation  Is  Initiation  of  the  fragmented 
explosive  either  by  the  fuse  et  one  end  or  by 
frlctlon/rapld  sheer  at  the  case-filler 
Interface.  By  separating  the  Impact  and  material 
breakup/fracture  from  the  initiation  process,  it 
Is  possible  to  perform  the  unsteady  two-phase 
reactive  flow  analysis  In  order  to  predict  whether 
DDT  (deflagration  to  detonation  transition)  can  be 
expected.  ~ 

MoycU  Fu« 
ignition 


X  CvjI  Awfly 
Showng  Fragmented 


Portal  Case  Optfwg 


vs////////"". 


Fig.  1.  Cratering  of  concrete  surface  by  SP  bomb 
Impact 


ASSUMPTIONS 

(1)  The  analysis  considered  In  this  paper 
explicitly  assumes  that  at  time  t  *  0, 
Initiation  by  the  fuse  nr  rapid  shear 
mechanism  will  allow  a  deflagration  with 
the  supporting  pressure  buildup  to 
penetrate  Into  the  damaged  (rubbllred) 
explosive. 

(2)  The  deflagration  and  possible  detonation 
occurs  In  only  one  dimension,  x. 

(3)  The  surface-to-volu»e  ratio  of  the 
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pick*1  particles  (expluslva)  Is 
*gff  dently  Mgh  te  be  equivalent  to 
sphttes  of  the  nil  Hatter  enC 
subnllllaater  dlamtsr  tin  (l.e.  SB/IB 
■  «/<U  p  p 

(4)  The  possibility  of  Mil,  aonintua  tod 
energy  !ott  It  treated  by  psuado-stde 
yantlng  fro*  cricks  of  prescribed  sties, 
located  tt  prescribed  distances  along 
the  bed.  (Details  tre  presented  below.) 

(5)  Ths  separated  two-phase  floe  analyses 
previously  developed  In  left,  t  and  l 
represent  the  bests  on  which  we  build 
the  modeling  effort  presented  In  this 
piper. 

(£)  The  decision  on  whether  the  fragaented 
bed  of  explosive  will  transit  Into  a 
detonation  is  based  on  the  transient 
reacting  flow  events  occuring  In  the 
first  10  to  W  cm  of  length,  A  run-up 
of  length  greater  than  W  w  requires 
tines  well  beyond  established 
experimental  DOT  events. 

(7)  Ths  explosive  particles,  Ignited  If  a 
critical  prescribed  energy  Is 
transferred  to  the  solid,  will  bum  at  a 
rata,  r  ■  epl\  where  t_  and  n_  are  known 
values  for  typical  warbeed“explos1ves 
(triton#!  or  H-a). 

(8)  The  porosity  of  the  fragmented  bed  (gas 
volune/total  voluse)1s  uniform  and 
typically  of  the  order  of  0.!  to  0,3  . 


THE  FLUID  MECHANICS  HCOEl  (WITH  VEHTIHS) 

Our  analysis  of  tha  ruptured  shell  easing 
p robin*  represents  an  extension  of  previous  work 
done  at  the  University  of  Illinois  for  the 
analysis  of  two-phase,  one-dlcenslonal  reactive 
flows  Cl,  ?]•  Modifications  were  wade  to  account 
for  the  mss,  aoaentua  and  energy  losses  occurring 
through  the  shell  opening.  A  detailed  derivation 
of  the  governing  equations  for  totally  confined 
(no  loss)  conditions  can  be  found  In  kef.  1. 
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Here,  the  relatlws  for  the  total  Internal  energy 
In  each  phase  are 


vv.*K 


and 


In  tha  analysis  one  oust  describe  the 
conservation  of  mss,  aoaentua  and  energy 
throughout  the  doaaln  for  both  the  solid  particle 
phase  as  wall  as  the  gaseous  products  phase.  Each 
phase  separately  Is  assuaad  to  be  a  centlnuua  and 
the  systoa  of  governing  differential  equations  can 
ba  expressed  as; 


SpT  *  CvpTp  4  T  “p*  w 

The  subscripts  g  end  p  donate  gas  and  particle, 
respectively.  In  Eqs.  (l)-(6),  the  phase 
densities  ^  end  are  defined  as 


6as  Continuity 


if 

lx 


+  r  -  e« 


Solid  Continuity 


0) 


Pj-p8I  and  »t  ’  (H)bp  (®) 

The  poroelty  4  Is  defined  es  the  ratio  of  the 
Instantaneous  gas  volteaa  to  the  Mixture  voluw. 
Hence,  the  solids  fraction  Is  1  -  4  . 


whore 


Tx 


iV 

wJL  •  r  -  a 
*  1 


r  -  (s/v)p 


(*) 


In  addition  to  the  six  conservation 
equations,  three  constitutive  relations  ere  needed 
In  order  to  solve  ftr  the  nine  unknown  variables. 

tecause  of  the  restricted  length  of  this 
MMiuscrlpt,  It  Is  net  possible  te  Include  a 
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dltcuttlon  end  description  of  th*  constitutive 
relation!  In  My  detell.  However,  In  f«inct1on*l 
term*  th#t*  rtpretent: 

(t)  Vi  ^Mtlori  Of  »t*t*  ft.  0,  S.)  for 
tM  product  9tj?i  of  tM  eiplotlve, 

*  *  p  (p..  U  •  ^  P*ft1Cu,lr 
*04* tied  or  ttfto  used  mi  dltcutted 
In  »*f.  3. 

(11)  Vi  *0011100  of  ttet*  for  th*  tolld 

phete,  p  *  f  U_.  f)  .  tpeclflcelly 
tM  T»1t  §ou*t!onpof  itet*  (in  Aef. 

t) 

(111)  A  Met  trentfer  coefficient  «diich 

fleet  0  1<i  Eqt.  5  *od  6  (»**  Atf. 

t,  3) 

(1v)  A  get*P«rttcl*  dreg  co*ff1c1«*it  which 
determine!  D  <n  Eqt.  3  end  A  (tee  »#f. 

3) 

(*)  An  Ignition  critorlori,  T,  > 

(»•».  A)  'r  - 

(»1)  A  burning  rot*  reletlon  (ot  dltcutted 
obov* ) 


•Mr#:  »  ■  got  dentltjr 

u’  •  velocity  of  got  looting  tM  control 
volume 

A^  •  or«o  of  holt 


Mm  0*1 


*<r\Ax 


A,1  OMta  tarn  tjnMon  odd  Mb  bate 

C*‘(&t'ibA  MM i  of  Mb,  A*',  mag  bt  uoned 
n  <  iwe*  of  Mm  c*h  wdh  Mn 


Fig.  1.  ScMmetle  of  fragmented  bed  Ming  Modeled 


In  equetlons  (1-6)  j  repretents  the  lot!  of 
bits  (got  phese)  os  o  resllt  of  the  bole  present 
In  tM  shell  casing.  The  appropriate  variation  of 
this  t»r»  oho  appear*  In  the  women ti*  end  energy 
equations. 

Hats  Lott  Owe  to  Erterlor  Opening 

Figure  3  shoes  th*  fregwnted  bed  being 
■odeleu.  '  Hwpoted  on  th*  front  face  of  th# 
Illustrate  ,r*  th*  eepected  preeture-dlttence 
profiles  jnoalng  the  prettur*  drop  eeeocleted  with 
th*  opening  in  the  cat*  wit  («  -  0.3  ca).  A 
simplified  derivet  Ion  for  the  mis  lets  throughout 
th*  bed  length  It  et  follows: 

Consider  th*  control  volume  shown  be  lew  with 
get  being  ejected  out  th*  hole: 


[X*  to  the  **trom*ly  high  get  pretturos  In 
the  bed,  tM  get  etceplng  tM  control  volun*  will 
elw.iyt  M  choked.  Mnce  u  will  equel  tM  locel 
speed  of  sound: 


TM  eroe  of  tM  hole  It  defined  it: 
Afc  ******  Mere  *•  get  phete  volume 

friction.  Th*  voluw#  of  tM  control  cell  Is  give- 


Vc.v.  *A1 


Substituting  Into  tM  definition  of  *  ,  one 
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puA»4*e  p  u  g  1 

JLilT - yK  <u) 


g  a* 


TM  men  ret*  of  gat  lost 

.  I 


4  *  V  \ 


per  unit  volume 


■Mr#  CL  It  an  assumed  "opening  ratio",  0  <  C0 

<  1.  ~ 

If  on*  It  to  wilder  mtralnnent  of  tM 
«i burned  solid  particles  In  tM  gat  atctplng 
through  tM  Mia,  tM  mats  lots  por  unit  volume 
for  tM  solid  phase  becomes 


,  .  .  !£ii_ . 


wMr#  Oe  Is  *  dreg  fector  Mtwem,  entrelned 
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particles  end  escaping  r*s.  The  parameter  O0  (mi 
a  rang*  from  uro  to  gni-y. 


*  •  numerical  Solution 

The  systa#  of  differential  conservation 
equations  described  in  the  previous  section, 
became  of  their  nonlinearity,  do  not  adult  an 
analytic  solution,  in  order  to  obtain  a  solution 
to  the  time-dependent  dlffartntlal  aquations,  «* 
chose  to  discretize  the  governing  aouatloni  over 
the  donaln  and  write  the  x-derlva'  res  at  center 
differenced  first  order  approximations  with  the 
appropriate  artificial  smoothing  to  assure 
stability  for  the  hyperbolic  problem,  The  partial 
differential  equations  are  then  reduced  to 
ordinary  differential  equations  for  a  given  tin* 
step  and  solved  by  a  standard  00E  numerical 
solver.  The  proceeding  steps  are  repeated  for 
each  tine  step. 

The  results  of  two-phase  reactive  flow 
calculations  are  presented  In  the  following 
section.  A  CSC  Cyber  1/5  conputer  was  used  to 
numerically  Integrate  the  equations.  A  "typical" 
conputer  run  consisted  of  a  t.d  domain  with  100 
nodes  and  a  total  elapsed  tine  of  over  200  CP 
seconds. 


Conputed  Pesults 

The  solutions  to  the  conservation  equations 
(Eqs.  1-8)  with  their  required  constitutive 
relations  will  (a)  show  that  even  with  e 
fragmented  explosive  bed,  t  detonation  could  occur 
If  the  container  walls  remained  Intact;  (b)  show 
that  the  over  pressures  could  still  be 
significantly  high,  and  (e)  nut  Importantly, 
that  a  vented  boob  condition  could  prevent  a 
strong  detonation  and  severely  Halt  the  over- 
pressurtiatlon. 

In  all  cases  the  container  (see  Figure  I) 
walls  regained  fixed.  The  pressures  that  are 
predicted  (In  the  calculations  to  be  presented) 
would  obviously  result  In  eventual  explosion  of 
the  case  wall  with  additional  cratering  and  daaage 
of  nearby  structures. 

Figure  3  presents  the  predicted  pressure 
development  history  for  a  completely  confined 
accelerating  deflagration  process  (C#  •  0,  thus 
6.  end  a  •  0).  The  effective  surfece-to-volumo 
raffle  of  “he  explosive  (fragmented)  particles  was 
S/dp  «  1/0  cm'1  loaded  at  (1  -  *  )  ■  70S  solid* 
volume  fraction.  * 


fig.  S.  Pressure  history  for  completely  confined 
accelerating  deflagration. 


At  time  t  ■  0,  only  4  mm  of  the  bed  Is 
assumed  Ignited  at  an  Initial  low  pressure  of 
1  UP*.  The  results  show  that  within  TO  v$ec  a 
detonation  Is  about  to  form  and  the  peak  pressure 
(at  the  9  ax  location)  Is  almost  14  GPa  (140  kbar 
*  /  x  10®  pst).  The  detonation  (CJ)  pressure  for 
this  overall  density  ( p.)  explosive  Is  only 
somewhat  greeter  then  this  Value. 


Of  course  this  result  Is  greatly  dependent  on 
the  assumed  particle  site,  d__.  If  the  particles 
averaged  out  to  be  even  smaller,  the  gas  pressure 


Fig.  4.  Pressure-time  profiles  for  varying  size 
propellent  particles. 
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theei  mid  fora  »v*n  toon #r.  figure  4  |N»t  th* 
iama-Ha  profit*  *t  th*  &*d  aidpomt,  (•  • 
i  cfl)  for  four  different  «v*rig»  pirtlcl* 
dt*n*t*rs.  (Th*  r*»gtt»  thenr  In  th*  prevtout 
figure,  Mg.  3,  iittiwd  d  •  1/7  mu)  Hh*n  tSa 
inrtg*  frignant  d1«o*t*r  iu«*4l  *ppro»1n»t»l/ 
1  m  th*  roiuHwtt  pressures  will  b*  *pproa1n*t*1y 
too  low  to  <1  to*  *  d*ten*t1on. 

th*  effect  of  **«n  *  tatll  cr*ci  uh1ch  cm 
rel  1*v*  th*  projiur*  and  ***»*n  th*  d*»*1aptng 
d*?1»gnt1m  front  Is  llgnlflcmt,  *i  shorn  In  th* 
results  pr*t*nt*d  In  Figure  5,  Th*r*,  only  on* 
‘hole",  <  m  In  length,  loc*t*d  it  /.A  •  1/4. 
•1th  m  'opening  ritla”,  C  •  i/7  I*  considered. 
Th*  nttt  loti  It  *»1d*nt  18  th*  Indented  pressure 
profilOT  it  th*  hoi*  tit*. 

Th*  reductten  In  pwt  pretture,  it  th*  0*d 
nidpolnt  It  alto  i*v*r*,  depending  on  th*  crick 
opening  ritlo,  C  ,  it  It  thoan  tn  Figure  8,  *h*r* 
th*  ppmure-tia*  history  prediction!  ir* 
conpiref. 

Th*  *ff*ct  on  th*  r*t*  of  defligrctton  it  C* 
It  incremd  It  *«1d*ni  Tn  th*  retuHt  thoan  in 
Figure  7,  Agiln.  cnly  on*  hoi*  ti  ittuaad, 
located  it  t  ■  7.5  ca.  Hot*  th*t  th*  flop*  of 
th*  f1*a*-frtnt  locitlon  versus  tta*  'ocut,  ahlch 
It  th*  reaction  front  tp**d,  hit  reduced  th* 
d*ton«tlon  front  velocities,  (thot*  evaluated  «t  « 
•  8  ca)  fro*  5.3  tmJ  «t*c  (C.  •  0)  to  4.3 
an/  , tec  (Ce  •  l/l),  «  191  reduction. 


Fig,  5.  Pretture  hlttore  for  p*cked  bed  with  hole 
•t  »  *  7.5  ca  (C0  •  0.W) 


Eitmdlng  th»  sl«  (length)  of  th*  cr*ck 
[frt*  th*  vilo*  of  *  m  (¥  •  0,04)  coatldtred  In 
th*  rewits  thoan  In  the  pro* lout  tao  flgpim]  to 
f  »  and  16  an  h*»  m  »vm  nor*  pronounced  *rf*ct 
on  reducing  th*  pretture  front  d*y*Upnmt. 


figure  8  sheas  th*  conpiriiont.  hott  th*  crick 
opining  ritto,  C  It  on  If  0.10,  1/5  th*  vl'v* 
contidered  In  **rrt*r  celcuUtlont  thoan  In  Figure 
5. 

Store  tnportmtly  there  It  •  ntrted  reduction 
In  th*  ip**d  of  th*  d*tonitton  front,  *1  c*n  b* 
t**n  In  th*  co^irUan  tfuMn  In  Figure  9.  For  th* 
condition  of  M  •  0.1C  (*  18  mi  long  crcck)  one 
obtilnt  th*  tp**d  of  on)/  7.?  mj  «ik  ,  * 
nioelty  that  eoulii  b*  interpreted  to  b*  •  *)oa- 
ord*r‘  d»ton*t1on. 


Fig.  i.  Effect  of  hoi*  ill*  on  pressure-tin* 
history  it  «  •  5.0  en. 


Fig,  7,  Reduction  In  flono  front  **l*dty  da*  to 
1ncr*«t*d  hoi*  til*. 


pressure  reductions  utiMd  hy  the  mi, 

end  mrtf  losses  ere  ttfntf  leant  far  this 

particular  um. 

Mhlle  the  oscillations  In  the  wovefem  of 
thi  f  n  I  plot  far  tMt  taw  s»y  appear  to  ha 
caused  hy  nunrtcal  Instabilities.  they  art 
actually  being  cwwf  hy  tha  internment 
rupturing  of  tha  propellant  casing  cwisf  hy  h#d 
pressurization.  faeh  trough  an  a  particular 

wevefor®  represents  a  paint  along  tha  propellent 
had  where  tha  casing  wet  ruptured  dot  to  high 
pressure  at  tan  tin  during  tha  bum,  ohtlt  aach 
part  represent*  a  locattan  ahara  tha  eating  did 
net  roptura.  One  can  note  that  at  a  perpandlculer 
It  dropped  to  tha  abtcltta  fro*  a  peak  (or  trough) 
on  any  wevefor*,  all  waveform  patting  hy  that 
particular  pate'  In  tha  bad  will  alto  tzhlbtt  a 
peat  (ar  trough).  This  It  of  count  due  to  tha 
fact  that  onct  tha  rupturing  pretturt  It  aucaodad 
at  any  paint  along  tha  had,  a  hoi*  form  In  the 
eating  at  that  tin  and  mains  for  all  subsequent 
tin  thereafter.  To  further  Insure  that  theta 
oscillations  war*  net  caused  hy  nunrlcal 
Instability,  theta  calculations  wore  rapaetad 
utilizing  a  tin  tttp,  at  ,  equal  te  one-half  tha 
previous  tin  step.  The  results  wore  Identical. 


Effect  of  hole  slit  on  pressure 
developmnt  (t*88  »sec  ) 


i*  hn  Cwea 


rum /  /  t»rr»ym 

/  /  I  1  .'•« 


Emtlno  dent  Holes 

A  final  wt  of  calculations  considered  an 
alternate  constraint.  Instead  of  prescribing  In 
advance  the  location,  length  and  tha  opening  ratio 
of  the  vent  holes,  tha  opening  Is  hot  a  stand  to 
taka  place  until  ton  critical  pressure, 

Is  attained.  Figure  10  thaws  tha  prltiSH 
devolepmnt  history  whan  ■  0.5  BP*  (5 

Khar).  That  Is,  whan  tW^Thtemal  pressure 
roaches  0.1  (Pa,  a  Nant  hole*  occurs  Instantly  te 
relieve  the  pressure.  Mb  have  specified  for  this 
hole  that  Cg  •  0.10  and  M  •  auA  •  0.01,  Tha 


Figure  11  again  shews  the  locus  of 
deflagration  fronts  as  a  result  of  the  pressure 
history  shown  In  tha  previous  figure,  hot*  that 
If  the  Internal  pressure  con  rupture  the  case  at 
pressures  lest  than  1  SPe  the  result  (at  t  ■ 
TO  vtec)  It  a  ‘lew-order  detonation*,  saving  et 
0  <  t  n/  *s«.  Alto  shown  In  Figure  11  It  the 
locus  of  tha  erupting  vent  bolus  which  occur  about 
5  to  10  »sec  after  the  reaction  front  has 
passed.  Obviously,  Internal  pressures  can  aere 
easily  r  n»r»  an  already  damped  warhead  cast,  so 
that  tha  results  shown  In  Figures  10  and  11  spy 
not  necessarily  be  unreasonable.  Additional 
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ca'erUtlani  In  MAIch  tM  of  tM  arv*l1no 

no’M  tfl  iMm  tM  ratal t  Of 

IN  dotonatton  Mira  tXuit  MObld  Kara 
ratyltad  MO  t Mr*  Won  tatal  canf  IrtMtnt. 


ft?.  U,  float-front  mlKttj  art  ranttng-Hota 
loewt  for  iMH  ruptvrg  it  f  •  O.S  6»t 
and  »  •  1.0  SPa. 


Qg>tMl»»  Nlf*l 

TM  f*i»ltt  pratontad  to  tM  loot  taction 
*tr1f>  tM  fact  tMt  o  fractora  of  tM  aitarlor 
eating  of  i  6f  mrfiNf  nltb  brook y*  of  tM 

tuplatlra  cm  radaca  tM  affactlranatt  of  tM 

a*pla»lra  filling.  Com  «o rt  pratontad  »Mrt  tM 
aecaStrattng  float  tmO<|itil  tbroygb  (a)  a  tMll 
etatRQ  intact,  (b)  a  tMll  eating  Mich  Ml 
fraetcrad  Out  t©  jro'uoi!  Mpact ,  and  (©}  a  tMll 
eating  whlcfi  Mt  fracturad  dot  to  local <(td 
Intsmgl  prattyrlratlo*. 

tl 'it©  tM  propar  lyrfaca-to-rolyna  ratio  of 
tM  totally  canflnad  axplptlra,  prgttyrai 

t*eead1ng  l6-ll  t»a  can  bt  pradlctad  at  tM 

1sntt;»  front  propagate*  tbroygb  tM  porout 
taplotlra  bad.  Magyar.  than  tM  tMlI  eating  It 
•M»»d  and  product  pa  tat  art  all  toad  to  toco*. 
tM  oaaratl  praityrg  profltai  ora  groat  ty  rgdyetd. 

TM  final  cam  a  rat  a*  tad  in  tMt  papgr 
•oMlad  4  eating  fratUrg  acta  rr  lag  »t  a 
prater  1  bad  itratt  on  tM  tatgHor  Mailt,  fttara 
Mort  on  tnn  proalaB  tMald  coop  la  tM  itratt 
■acMntct  of  tM  ancatlng  ttroctaro  «lth  tM 
opplltd  ttraitai  cawtad  by  tM  boning  am  lot  Ira 
fra  1*1. 

*  final  point  Midi  tMold  M  dltcottad  daalt 
Mltb  tM  «na-d1  mm  Hanoi  analytlt  nadt  ta  tlngllfy 
tM  nooarlca)  nodal.  Ilran  tM  propar  carpotar 
ramrcaa.  a  datatlad  tao-dt  Motional  analytlt 
Mtold  probably  laad  to  canclotlant  able*  ara  loot 
*•  tM  oa-dlMntlonat  ran 'on. 

>'r  ongoing  mot*  Mill  alto  Incladt  onalytlt 


«*UA  Mill  conilfar: 

(a)  Strang  tMeb  Initiation  (at  1  •  0), 
Inttaad  af  «a*a  iMck  flaon  initiation 
non  llinMt, 

(b)  bar lotion  in  tM  ailal  (aropagat’on) 
dl  fact  ion  of  portlda  lira  and/or  bad 
parotlty. 

(c>  Cawllng  of  intarnal  prottyrtt  to  cata 
•dll  ttrattat  In  ardor  to  frodlet  actaal 
t«M  dalayt  prior  to  froctyro  of  tM 
cm. 

(d)  A  tvt-diaant tonal  daftagrotton  to 
dotanatlon  trontition  nodal,  at 
prartoatly  wntlenad,  mMc*  nlll  aUto 
'or  a»ra  accwrata  tlda  rant  loti 
calcalatlant. 

(a)  Variation*  In  oaplottra  cMmical  and 
Pbytlcal  propartiat . 
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This  paper  presents  an  analytic  method  for 
itudylta  the  amchenlsms  that  lead  to  tta 
detonation  of  cased  munitions  filled  alt* 
•otto*  txplotlm  when  tweeted  by  largo 
cone  rota  frefMftts,  representing  felled  wall 
sections,  This  1*  a  tingle  degree  of  freedom 
dynaanle  structural  analysis  eethed  which 
nekes  use  of  predetermined,  nonllnoar  load* 
defl  action  character  Utica  of  the  stall 
eating.  In  tta  analytU  described,  tht 
rawed  wi  a  polled  to  predict  tht  greater*' 
tint  history  In  the  molten  explosive  whan 
subjected  to  1«P»cC  ■  *  reasonable  conertsoa 
between  analytic  and  experimental  results  was 
Obtain*^ 


INTNNMCTION 


At  one  state  of  too  munition  production  pro- 
cast.  gwsHan  explosives  are  pourod  Into  empty  stall 
eatings.  At  this,  and  amt  atagos  of  tta  produc- 
tlon  precan  there  \%  a  finite  probability  that  an 
accidental  explosion  any  occur.  To  Unit  tta 
propagation  of  on  accidental  explosion,  tta  pouring 
area  (a  subdivided  into  smaller  aroas  separated  by 
reinforced  concrete  walls.  This  does  not  com¬ 
pletely  #1  Imitate  tta  danger  of  propagation 
because  on  explosion  In  a  cubicle  can  cause  son 
breakup  of  dividing  walls,  producing  eneraleed 
f regents  which  aay  impest  shell  casings  In 
neighboring  cubicles  thus  possibly  producing 
additional  detonations .  Whether  or  not  an  explo¬ 
sion  is  produced  by  such  impact  depends  on  tta 
dynaaic  pressures  produced  ad  thin  tta  sol  ten 
explosive,  which  In  turn  depdnds  on  tta  «tt  of  tta 
Impacting  fragment,  its  lapact  velocity,  point  and 
angle  of  the  lapact,  ate  The  site  of  fre^mntt 
produced  by  a  separation  wall  dap  and!  on  tta 
physical  characteristics  of  tta  wall,  l.e.  reln- 
fbreeaunt  details,  concrete  strength,  aggregate 
alia,  thickness,  span,  support  conditions,  etc. 

It  alta  depends  on  the  Intensity  and  distribution 
of  tta  blast  load  produced  by  tea  donor  charge  on 
the  dividing  well. 

This  paper  describes  a  project  (tar.  1)  whose 
objective  was  to  study  tta  mtctan1s«  controlling 


tta  lapact  sensitivity  of  stall  casings  filled 
with  epl ten  explosives  when  tnpected  by  secondary 
frogaants.  (It  was  determined  In  ear  liar  expert- 
santa I  Investigations  that  a  stall  In  tta  molten 
or  Just-poured  state  was  (tore  sensitive  to 
Initiation  than  when  tta  explosive  was  cool  and 
hardened).  Tta  project  wot  divided  Into  two 
parts. 

Tta  first  part  was  an  analytic  effort  whoso 
purpose  was  to  predict  the  pressure  buildup  within 
the  mol  ten  explosive  when  the  casing  and  tta  con¬ 
tained  explosive  Interact  with  a  secondary 
fragment.  It  Is  hypothesised  that  pressure  build¬ 
up  (or  tta  rate  of  pressure  buildup)  and  tta 
resulting  rite  In  taaperature  Is  a  good  Mature 
of  explosive  detonation  sensitivity. 

The  second  port  was  an  axperlMntel  effort 
wheat  ala  wot  to  ascertain  tta  credibility  and 
accuracy  of  tta  analysis.  Inttnnmtad,  full 
scale  axparlMntt  ware  perforand  to  obtain 
Quantitative  data  for  comparison  with  analytic 
results.  Tta  experlnntt  alto  provtdad  an  In¬ 
sight  Into  what  was  occurring  during  tta  Impact 
process  and  thus  helped  guide  U~  lysis. 

ANALYSIS  Of  SHELL  EXPLOSIONS  OUC  TO 
IMPACT  BT  LAME  CONCftCTE  FAASOTS 

figure  l  It  a  schematic  showing  tta  stall- 
freemnt  configuration  analysed.  Tta  stall 
casing,  open  at  Its  apex  and  completely  filled 
with  molten  explosive.  Is  stationary  on  tta 
ground  plant.  At  tta  tin*  of  topect  tta  explosive 
It  at  a  sufficiently  high  temperature  to  be  In  a 
Ugutd  state.  Tta  rragmmt,  a  concrete  cylinder. 

Is  moving  In  a  horlsontal  direction  with  velocity. 
V.  Tta  conditions  ora  asstned  to  bo  such  that 
during  Impact  tta  stall  casing  will  bo  plastically 
deformed  and  will  experience  an  acceleration.  Tta 
plastic  da  formation  of  tta  easing  will  cause  tta 
molten  explosive  to  be  pressurised  and  to  be 
Thread  to  flow  up  end  through  tta  filling  orlflca 
at  tta  apox  of  the  casing-  This  pros  sura  buildup 
during  tta  tins  of  Impact  and  tta  associated 
temperature  rise,  Is  hypothesised  to  be  a  measure 
for  determining  If  tta  explosive  will  detonate . 

Tta  analytic  procedure  used  to  obtain  tta  pressure- 
time  relationship  in  tta  oxploslve  during  Impact 
Is  described  next. 
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BEST  AVAILABLE  COPY 


fit  Sh«tl-fr*cp*nl  Configuration 


frnatytlc  Sojgjjon  hwMtr*n*ntt 

Th*  analytic  aoiutlon  ti  *  llngU-dogr**  of 
fr**0OB  4j*v»1c  analytil  xhlch  r*ge1r*t  cartaln 
postulated  »iploi*w,  th*U  eating,  and  fr*ga*nt 
interaction  cM^ctwtUlct  aditeh  or*  th* 
following 

\  fore*>4tfl*ct1or  characteristics  (r»ilit*H 

ftmctlon)  of  th*  th*1)  eating 
2,  folteh  vorawt  0*fl*ctto«  char*ct*r1ttU  of 

th*  *h*U  eating 

J,  Orlfic*  trM  fn-nui  deflection  characteristic! 

for  th*  purges*  o'  (Httnalnlng  thn  fortro- 
*ef  lectio*  characUHtt'et,  th*  th*l  I  casing  wit 
tllwf  10  b*  roitratnod  In  th*  hortJontal  dlrac- 
t i an  Only,  dll  *long  th*  '  In*  fona*d  by  th*  Inter¬ 
section  of  th*  ntdpUn*  of  th*  ih*l  1  twrfae*  and 
th*  rertlcal  pliw  vkit  M(«  «Im  It  Indicated  by 
1  (ft*  A -A  In  fig.  1.  Noting  uta  of  th*  th*11 
ayHBtry ,  on*  Qwtrtor  of  th*  ih*l  I  lurfac*  H 
3»«*1*d  for  flnlu  *l«o*nt  anal  yi‘ l  li  shown  In 
fig.  2.  ThkAmm  It  i»r1«d  along  th*  height  In 
dl t:r*t*  Interval l .  AKSYS  (h*f,  2)  flnlt#  tleaent 
C£*»wt*c  prograB  which  o**tt  th*  r*gy1r*B*ntJ  of 
1®r»  d*fl*ettcm  too  pintle  deformation  of  th* 
eating  Btterlal,  was  uteO  In  th*  analytls.  fort«- 
lection  cfc®r*eter1itkt  wor*  obtained  by 
iMpetlng  Ntfloctlont  and  then  CQBQwtlng  th*  corr*- 
speeding  fbreot  ragwlrmd  to  pro  ire*  th*a.  0*f1*c- 
t«a*t  *****  Isgowd  on  th*  th*ll  eating  at  notes 
i-«9«n8i*Bil*|  an  tm  «ppre*latt*ty  Mott  to  th* 
contact  »r*A  b«tM*«n  th*  eating  and  th*  lagaetln* 
C«hcr*t*  Cyllieter.  load  d»fl*etlon  Ch*r*ct*rtitk! 
w*r*  a* tar* load  for  thro*  pmum  apollaO  to  th* 
interior  of  th*  te»ll .  basalts  *r*  shown  In  fig. 

J,  Mo n*  with  fort*-®*' lectio*  characteristics  of 
th»  th*ll  eating.  *old»*-tefl#etion  and  orlfic* 
#ro*-tef1*et10B  eharaetarl ttlct  t*o <r*  ohtalnod 
fnte  thlt  analytlt.  That*  rate  It,  or*  shown  In 
fig  4  **d  fig.  I  r*spBctt**ly,  It  *111  b*  noted 
that  both  of  thaw  characteristics  an*  lndop*nd*nt 


of  internal  pressure  Alto,  at  l*ait  for  thlt 
th*ll  eating,  th*r*  **t  »tt*ntlall»  no  Chang*  in 
th*  orlfic*  »r*a  »1th  Chang*  in  0*fl»et1on.  s** 
Mg.  S. 


Fill.  2 . -Flnt t*  (l**mnt  rttth  nr  On*  fHi*rt*r  of  th* 
Shall 


too 


Oaflactlo"  (Inchat) 


flii.  J.-Forc*  V*nui  Deflection  Ch*r*ct#rlitlet 
of  th*  Shall  Casing  for  Indicated 
Internal  hratsvrat 
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FIG.  4. -Volume  Versus  Deflection  Characteristic 
of  the  Shell  Casing 


FIG.  S. -Orifice  Area  Versus  Deflection 

Characteristic  of  the  Shell  Casing 

Next,  we  were  concerned  with  the  flow 
characteristics  of  the  molten  explosive  through 
the  filling  orifice  of  the  casing.  The  flow  Is 
dependent  on  the  orifice  area,  the  fluid  pressure, 
viscosity  and  the  orifice  coefficient.  The 
following  formula  (Ref.  3)  was  used  to  relate  the 
flow  rate,  Q  to  the  Internal  pressure,  p  of  the 
liquid  explosive  and  other  parameters. 


where  Cc  «  the  orifice  coefficient,  taken  as  0.64 


A  ■  the  orifice  area 
y  *  acceleration  due  tr  gravity 
v  *  weight  density  of  toe  molten  explosive, 
taken  es  approximately  85  Ib/cu  ft 

Flow  characteristics  ere  shown  In  Fig.  6  for  three 
orifice  areas. 


FIG,  6. -Pressure  Versus  Flow  Rate  for  Three 
Orifice  Areas 


In  the  Initial  analysis  It  was  assisted  that  the 
molten  explosive  wes  Incompressible.  Analytic 
results  using  this  assumption  showed  large  rapid 
changes  In  the  liquid  explosive  pressure,  suggest¬ 
ing  compressibility.  The  analysis  was  modified  to 
take  into  account  fluid  compressibility.  In  the 
modified  analysis  the  characteristics  shown  In 
Fig.  6  are  still  used,  however  the  corresponding 
Internal  pressure  is  modified  on  the  basis  of  the 
bulk  modulus  of  the  explosive,  l.e. 


where  B  *  the  bulk  modulus  taken  es  580,000  psl 
d  «  the  weight  density  of  the  molten 
explosive 

AP  *  change  In  Internal  pressure 
Analytic  Solution  Procedure 

As  Indicated  earlier,  the  analytic  solution  Is 
a  single-degree  of  freedom  analysis.  Referring 
to  Fig.  1,  assuming  that  the  concrete  cylinder  and 
the  shell  move  In  a  straight  line,  the  equations 
of  motion  and  initial  conditions  are  given  as 
follows: 


"c 

\  *s 


(3) 

(«) 


where  and  K,  represent  the  mess  of  the  cylinder 
and  the  shell  casing  respectively.  F  Is  the  Inter¬ 
action  force  between  the  shell  and  the  concrete 
cylinder,  end  xi  and  x'j  are  the  center  of  gravity 
accelerations  of  the  concrete  cylinder  and  the 
shell  respectively. 

The  Initial  conditions  for  the  concrete 
cylinder  and  the  shell  are  (at  t«0»  Impact  Is 
Initiated)  !«•,  the  Initial  velocity  of  the  cylin¬ 
der  Is  equal  to  V;  x,,  the  Initial  velocity  of  the 
shell  <s  equal  to  zero.  The  Initial  displacements 
Xc  and  xs,  of  the  cylinder  and  the  shell  are  equal 
ta  zero.  Euler  equations  were  used  In  the  Inte¬ 
gration  process,  l.e. 
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*  (t  ♦  it)  *  *U)  ♦'*(t)it  (5) 

x  (t  ♦  it)  *  x(t)  ♦  x(t)At  (6) 


Tt>e  solution  procedure  Is  detailed  below. 

Solution  Procedure 

1.  Retd  data  describing  the  system 

2.  Set  time  to  terc  (t*0)  and  displacements  and 
velocities  co  their  Initial  values.  Set 
Initial  Internal  pressure  to  taro,  and  the 
orifice  area  and  tn*  casing  voluwe  to  the 
Initial  values. 

3.  Print  out  time  and  pressure 

4.  If  time  exceeds  maxim*  value,  stop. 

5.  From  force-deflect1on*pressure  curves  (Fig.  3) 
determine  the  Interaction  force,  F.  Note 
that  the  casing  deflection  4,  Is  the  differ¬ 
ence  In  the  cylinder  and  shell  motions 
(displacements),  I.e.  4  •  xc-x». 

6.  Compute  cylinder  erd  shell  tcceleratlc  ,s,  tee 
equations  (3)  and  (4) . 

7.  Use  the  Euler  Integration  formulas, 
expre'slons  (5)  and  (6),  to  determine 
velocities  and  displacements  of  the  cylinder 
and  the  casing  at  time  t  +  at.  Update  time 
to  t  +  at, 

8.  Determine  shell  casino  volume  using  volume- 
deflection-pressure  curve  (Fig.  4).  Compute 
volune  rate  of  flow  from  difference  In  volute 
from  previous  time  step  divided  by  tie*  step, 

at. 

9.  Determine  orifice  area  fron  orifice  area- 
deflectlon-prcssure  curves  (Fin.  5), 

10.  Determine  nan*  internal  pressure  froat 
pressure-volume  flow  rete-eree  curves 

(Fig.  6). 

Steps  11  through  !3  represent  an 
Iterative  procedure  used  to  take 
Into  account  the  compressibility 
of  the  liquid  explosive. 

11.  Determine  the  change  In  pressure  over  the 
time  step  at  end  compute  the  change  In  the 
weight  density  of  the  liquid  explosive,  see 
Eg.  (2). 

12.  Determine  the  new  weight  density. 

13.  Determine  the  change  In  volume  due  to  the 
change  In  the  weight  density.  Compute  the 
volume  rate  of  flow. 

Continue  the  iteration  until  the 
change  In  volume  is  smaller  then 
a  preassigned  value. 

14.  Return  to  step  3  end  continue. 

EXPERIMENTAL  EFFORT 

The  purpose  of  the  experimental  effort  wes  to 
measure  the  pressure-time  history  within  the 
molten  explosive  when  the  shell  containing  It  is 
Impacted  by  a  concrete  fragment.  The  experi¬ 
mental  setup  ts  depicted  In  Fig.  7.  A  shell 
casing,  containing  e  liquid,  6!ycerol,  of  the 


seme  density  as  molten  composition  8  explosive 
Is  mounted  (proopeo)  on  e  pedestal,  see  "target* 

In  Fig.  7.  An  air  gun  Is  then  used  to  launch 
the  conereta  fragment  at  the  shell  easing  to  impact 
at  a  specified  aiming  point.  The  concrata  fragment 
is  In  the  shape  of  a  cylinder.  Two’Hies  and 
weights  ware  used  In  this  study  (Ref.  1),  2-ft  and 
4-ft  long  and  weighing  200-lbs  and  400-lbs  respec¬ 
tively.  The  Instrumentation  consisted  of  a  pres¬ 
sure  sensor  located  within  the  liquid  for  measuring 
the  pressure-tine  history  during  Impact.  Photo¬ 
graphic  coverage  was  provided  to  measure  tne  Impact 
velocity  of  the  concrete  cylinder. 


FIG.  7. -Secondary  Fragments  Impact  Test  Site 


Selected  Results 

Flqure  8  shows  an  experimentally  determined  and 
the  corresponding  analytic  pressure-time  history. 
This  particular  experiment  dealt  with  a  4,2-1n. 
mortar  shell  filled  with  Glycerol  and  water  at 
ai*1ent  teeperature.  A  concrete  cylinder,  simulat¬ 
ing  a  wall  fragment  and  weighing  200  1  bt , ,  Impacted 
the  Srvell  at  272  ft/sec  at  a  point  4.25  In  below 
the  filling  orifice.  In  terms  of  the  shape  of  the 
pressure-time  history,  duration  and  peak  pressure, 
the  comparison  between  experimental  and  analytic 
results  appear*  to  be  favorable.  Similar  compari¬ 
son  mere  obtained  for  other  experiments  convicted 
In  the  course  of  the  study. 

OONCLUSIOKS  AND  RECOWdCATIONS 

A  simple  analytic  method  was  formulated  for 
predicting  pressure-time  histories  In  shell 
casings  filled  with  molten  explosives  when  Im¬ 
pacted  by  secondary  fre<*ents.  Analytic  results 
compared  favorably  with  experiments . 

Additional  analyses  are  required  to  study  the 
sensitivity  of  results  for  a  larger  set  of  experi¬ 
ments  with  the  objective  o’  improving  the  accuracy 
of  the  predictive  method.  To  date  four  other 
experimental  programs  have  been  conducted  on  the 
sensitivity  to  Impact,  by  large  concrete  fre0»nts, 
of  a  variety  of  molten  and  ambient  temperature 
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explosive-filled  shells.  For  these  previous 
experimental  procrws  analytical  predictions  of 
time  curves  should  be  performed,  With  a  larger 
number  of  curves,  end  hence  larger  number  of  test 
conditions,  one  would  be  able  to  distinguish 
between  pressure-time  conditions  for  explosion  and 
no  reaction.  The  scope  of  this  method  needs  to  be 
further  expanded  to  study  whether  the  peat  pressure 
In  the  liquid  explosive,  rate  of  pressure  rise, 

•tc.  art  parameters  which  Individually  or  In  com¬ 
bination  will  predict  the  onset  of  detonation. 
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TIME  IN  SECONDS 


FIG,  8. -Pressure  Versus  Tine  Graph  for 

Experlnent  *  (Concrete  Projectile  200  lb. 
st  272  ft/sec  Velocity) 
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ABSTMCT 

I 

Dynamic  fracture  analysis  ef  coocrata 
atructura*  nacaaaltataa  a  trlaxlal  atreaa-atraln 
relation  that  daacrlbaa  gradual  atrala-aof tuning 
with  raductloe  of  tanalla  attaaa  to  asro.  A  nav 
modal  which  doaa  that  and  la  applicable  undar 
general  loading,  Including  rotating  principal 
atraaa  dlractlona,  la  propoaad.  It  la  based  on 
accumulating  atraaa  relaxation*  dua  to  alcro- 
cracklng  from  tba  planaa  of  all  orientation  within 
the  alcroatructura.  Campari  ton a  with  tanalla  taat 
data  ara  given 

T 

Introduction 

fractura  analysis  of  caruin  brlttla  batar- 
oganaoua  materials,  auch  aa  concrataa  and  many 
rock*,  require*  conaldaratlon  of  prograaalva  alcro- 
cracklng  in  tha  fractura  procaaa  aona  aa  tha  *rac- 
tura  la  being  formed.  Bua  type  of  fractura  nay  be 
efficiently  modeled  with  tba  crack  band  approach, 

In  which  tha  material  behavior  In  the  fracture 
procaaa  aooe  ia  described  by  a  atraln-aof tanlng 
trta.tal  atraaa-atraln  ralatlon,  provided  that  the 
atraio-aof  enlng  behavior  la  associated  with  a 
aona  of  a  certain  characterlatlc  width  that  la 
treated  ea  a  material  property  or  la  determined  In 
advance  by  atablllr.y  analyei*.  A  aultahla  trl- 
axiel  atreaa-atraln  relation  of  the  total  atraln 
type  (deformation  theory  type)  be*  bean  recently 
formulated  aad  baa  bean  ahoem  to  lead  to  satlt- 
factory  agreement  with  aaaaBtially  all.  existing 
fractura  taat  data  avallabla  In  tba  lltaratura 
il,  2J.  This  atraaa-atraln  ralatlon  ia,  fccrmvar, 
limited  to  altuatlona  In  which  the  direction  of  tb* 
maximum  principal  atraaa  joaa  not  significantly 
rotate  during  tha  fractura  formation.  Thla  ia  not 
ao  la  cartain  important  altuatlona,  aapaclally 
varioua  dynamic  prohlama.  Bare ,  a  longitudinal 
wave  may  produce  only  a  partial  tanalla  fractura 
(l.e.,  distributed  mlcroeraekinq)  end  tba  fractura 
may  be  completed  subsequently  whan  a  abaar  wave 
arrives,  causing  a  principal  tanalla  stress  la  a 
different  direction,  lor  noth  situation*  of  pro¬ 
gressiva  fracturing,  It  la  necessary  to  develop  a 
trlaxlal  etratn-aof  ten  lag  atreaa-atraln  relation 
which  la  path-  dependant  and  la  fermlated  Incre¬ 
mentally.  A  model  celled  mltropleme  modal  1*  de¬ 
veloped  to  fill  thla  need.  W*  propose  beta  a 
model  in  which  tba  constitutive  properties  ara 
charucterlaad  by  a  ralatlon  between  tba  atrsaaaa 


and  stralna  acting  within  the  alcroatructura  on 
planes  of  varioua  orientation,  called  tha  micro¬ 
planes.  This  formulation  Involves  no  taneorlei 
invariance  restriction* ,  Tha  restrict  Iona  can 
then  b*  satisfied  by  a  auitabla  combination  of 
planaa  of  various  orientation.  K.g.,  in  tb*  cas* 
of  Isotropy,  each  orientation  must  he  equally 
frequant.  Thua,  o.t*  ciicumvanta  tha  difficulty  of 
sattlng  up  a  general  nonlinear  constitutive  equa¬ 
tion  In  terms  of  proper  Invariants. 

The  Idas  of  defining  the  Inelastic  behavior 
independently  on  plane*  of  different  orientation 
within  tb*  material,  and  than  in  aoan  way  super¬ 
imposing  tha  inelastic  affects  from  all  planaa, 
appeared  in  Taylor'*  work  [3)  on  plasticity  of 
polycryatalllnt  matala.  iatdorf  and  ludiannkl  [*] 
formulated  tb*  allp  theory  of  plaatldty.  In  which 
the  stresses  acting  on  various  plants  of  allp  art 
obtained  by  resolving  tb*  macroscopic  applied 
atraaa,  and  tha  plartlc  etralna  (ellpa)  from  all 
planaa  art  than  superimposed.  The  same  super¬ 
position  of  Inelastic  atraloa  waa  used  in  the  so- 
called  multllamlnate  models  of  Zlenklevlci  *t  a! . 
[3]  and  Panda  at  al  [6.  7]  and  In  many  work*  on 
plaatvdty  of  polycryatala.  While  tha  previous 
works  dealing  with  plcaticlty  of  polycryatala  [3, 

*,  8,  9,  10-1*1  or  aoila  [15,161  tba  stresses  on 
various  elcroplene*  were  assumed  to  b«  equal  to  the 
resolved  macroscopic  stress,  this  new  model  uee*  e 
similar  aextmptioe  for  pare  of  tha  total  stralna. 

Pundamantal  Bypotbasas 

Tha  resultants  of  the  atrsaaaa  acting  on  tbs 
microplenss  over  unit  area*  of  tba  nacroscoplc 
contlnuu*  will  be  called  tba  microstresaea  »^, 

and  tha  atraln*  of  tba  macroscopic  contlcuima  accu¬ 
mulated  from  the  iefonmeione  on  tba  microplaaaa 
will  be  called  tha  microatralna,  a,,.  With  regard 

to  tb*  Interaction  between  tba  micro-end  macro- 
lavela,  ooa  may  introduce  tb*  following  baalc 
bypotbaaaa. 

gypotahaia  I.  -  Tha  tensor  of  macroscopic 
strain,  t^,  la  a  na  of  a  purely  elastic  aacro- 

atraln  that  la  unaffected  by  cracking,  and  an 
Inelastic  macrostrain  *^  which  redact"  tba 
atresa  relaxation  dua  to  cracking,  1.*., 
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(1) 


places,  since  nlcrocraeking  is  chiefly  concentrated 
there. 


+  e 


U 


Here,  let  in  lower  case  eubecripte  refer  to  car¬ 
tesian  coordinate*  xj  (i  *  1,2,)). 

Hyputheals  II.  -  The  normal  etc  rot train  *n 

which  go vertu  the  progressiva  development  of  crack¬ 
ing  on  a  microplane  of  any  orientation  is  equal  to 
the  resolved  Macroscopic  strain  tensor  a^  for  the 

sane  plana,  i.a., 


"l  "j  *ij 


<2) 


in  which  •  direction  cosines  of  the  unit  aomal 

n  of  the  microplane  and  the  repeated  latie  lower 
case  subscripts  indicate  a  summation  over  1,  2,  3. 


Hypothesis  Hi.  -  The  stress  relaxation  due 
to  all  aicrocracks  noraal  to  t  is  characterised  by 

assuming  that  the  olerostrasa  e  on  the  micron Ians 

n 

of  any  orientation  is  a  function  of  the  noraal 

alcrostraln  e  on  the  ease  plane,  i.a., 
n 


sfi  ■  (2r/3)  F(«n)  (3) 

The  factor  (2«/3)is  Introduced  juat  for  convenience, 
as  it  will  latar  cancel  out. 


The  leet  bypatheels  ie  stellar  to  that  aade 
for  shear  mleroctrcseee  and  ale r os trains  In  the 
slip  theory  of  plasticity.  Hypothesis  It  la  how¬ 
ever  opposite.  Thera  are  three  reeeors  for  hypo¬ 
thesis  II. 


1.  Using  resolved  atraaaes  rather  than  resolved 
strains  on  tba  aicroplanaa  would  hardly  allow  des¬ 
cribing  strain-softening,  since  in  title  case  there 
ere  two  strains  corresponding  to  s  given  stress  hut 
only  one  stress  corresponding  to  a  given  strain. 

2.  The  eicroat rains  Bust  be  etable  when  the 
taacroetralne  eke  fixed.  It  hat  been  experienced 
numerically  that,  in  the  case  of  atraln-eof teeing, 
the  nodal  become  unstable  If  resolved  stresses 
rather  titan  strains  are  used. 

3.  The  use  of  resolved  at rains  rather  than  re¬ 
solved  streisaa  team  to  reflect  the  aicrontructure 
of  e  brittle  aggregate  nateriel  acre  realistically. 
The  use  of  resolved  stresses  is  reasonable  for  poly- 
cryetalllna  netalt  la  which  local  slips  scatter 
widely  while  tba  stress  la  roughly  uniformly  dis¬ 
tributed  throughout  the  miczoetructure.  By  con¬ 
trast,  in  a  brittle  aggregate  notarial  consisting 

cf  herd  inclusions  embedded  in  a  weak  matrix,  the 
strain*  art  far  from  uniform,  having  sharp  ex- 
trems  at  the  locations  stars  the  eurfacen  of 
aggregate  pieces  srs  nearest.  Tba  deformation  of 
the  thin  layer  of  matrix  between  two  aggregate 
pieces,  which  yields  the  major  contribution  to  in¬ 
elastic  strain,  is  determined  chiefly  by  the 
relative  displacements  of  the  centroids  of  tba  two 
aggregate  pieces,  which  roughly  correspond  to  the 
macroscopic  strain.  The  mlcroplanae  may  he 
imagined  to  represent  tbs  thin  layers  of  matrix 
and  the  bond  planes  between  two  adjacent  aggregate 


In  Bypotehsis  III,  the  relaxation  of  shear 

slcroatreeaea  a  ,  caused  by  the  shear  and  noraal 
DC 

slcrostrains  •  and  sq  is  neglected.  This  assump¬ 
tion  is  probably  quit*  good  for  very  smell  creek 
openings,  since  It  has  been  deduced  from  teat  data 
on  shearing  of  crack*  In  concretes  that  no  rela¬ 
tive  shear  displacements  on  the  rough  Interlocked 
cracks  It  possible  before  a  certain  finite  crack 
opening  1*  produced,  and  that  th*  shear  stiffness 
of  the  crack*  decreases  rather  (lowly  as  the  crack 
gradually  opens.  One  must  admit,  however,  that 
Eq.  3  (Hypothesis  III)  is  also  justified  by  its 
simplicity.  It  would  b*  much  sora  complicated  to 
liiuM  a  | antral  relation  between  the  normal  and 
shear  alcroatrassaa  and  nlcroatralna  on  each  plane. 


Tangential  Stlffnaaa  Matrix 


Tha  virtual  work  of  atraaaes  par  unit  volume 
eay  be  written,  according  to  Bq.  1,  as  6W 

Swing  th* 


°ij  ij  +  Bij  *V 


virtual  work  dua  to  and  6*^  >  w  furtbar  hava 

6V  -  dejj  +  Ssij*  ln  'lhlch  *•  the 

macrostress  tanaor  resulting  from  n  on  all  planes, 

o 

•ad  0*^  ia  tha  strata  tanaor  corraspondlng  to  c*^. 
Since  both  axpraatlocs  for  6V  suat  hold  for  any 


and  any  fie^,  ■u4t 


°ij "  V 


Equilibrium  condition*  nay  ha  expressed  by 
Beans  of  the  principle  of  virtual  work! 

^•I^lj  Sj  '1 2 3  /s*n4lnf(S)dS  <*> 

in  which  S  represents  the  surface  nf  a  unit  hes- 
1 sphere,  tbs  factor  (dv/3)le  due  to  Integrating 
over  th*  surface  of  a  sphere  of  radius  1,  and  dS 
-  alnpdSdp  (fig.  lb).  Dots  that  wn  do  not  need  to 
latngrate  over  tha  entire  surface  of  tba  sphere, 

since  tha  valuas  of  a  or  e  arc  equal  at  any  two 
n  n 

diametrically  opposite  points  o«  tba  aptara. 
function  f(s)  defines  the  relative  frequency  of  the 
planes  of  various  orientations  n,  contributing  to 
Inelastic  screes  relaxation. 


Iqa.  2-3  into  $q.  1,  we  got 
)  n^  n^  d#^  f(n)  dS,  end  because 

this  must  hold  for  any  de^,  we  must  have 

fit  ft/2  + 

a  ■  /  /  F(«b)  nt  n^  f(n)  slnd  d$  d»  (5) 


Substituting 

°u  4,ij  ’  Jsr(*» 


furthermore,  according  to  Bq.  2,  df (a  ) 

o 


T’  <*#)nj,  da^,  and  thus  differ¬ 
entiation  of  lq.  5  finally  yields 


d0ij  •  Dijkm  d*ta 


(d) 


SO 


la  which 


r'(«  )  f(S)  tint  <n  a,  with 

n 

(» 


•ijta  *  ‘i"]Vi 

My  bo  called  the  tangent  stiffnesses  of  the 
mlcroplane  systaa.  Rota  that  tba  eequeace  of  sub¬ 
scripts  of  la  inmterlal;  therefore,  there 

are  only  ala  Independent  values  of  Incremental 
stiffnesses.  Rg.  7  applies  to  Initially  aniso¬ 
tropic  solids.  For  Isotropic  solids,  we  My  sub¬ 
stitute  f(n)  •  1. 


The  Mthawatlcal  structure  of  the  present 
nodal  My  be  geometrically  visualised  with  the 
rheologic  nodal  In  Fig.  la. 


The  stress-strain  relation  for  the  alcro- 
planes,  relating  op  to  t#,  oust  describe  cracking 

all  the  uey  to  cwpiita  fracture,  at  tAleh  o 

u 

reduces  to  aero.  In  view  of  tbs  kinematics 

visualised  In  Fig.  lb,  It  Is  clear  that  «_  as  a 

■ 

function  of  c  neat  first  rise,  then  reach  a  ®aa- 
Inun,  and  theB  gradually  decline  to  sere,  lie 
choose  the  final  eero  value  to  be  attelaed  eaynp- 
totleally,  since  m>  precise  lefareatlee  ealete  on 
the  final  etraln  at  which  a.  ■  0,  e-d  sloes  a 

M 

anooth  curve  la  convealant  ceeputetionally.  The 
following  expressions  worn  used  Is  cogitations 
[19)  (Fig.  le)t 


for  c 

>  Ot 

o  ■  I  •  • 

n 

n 

a  n  a 

cu) 

for  t 

Q 

*  Ot 

o  ■  t  t 

n  n  n 

The  coaplisnca  corresponding  to  the  addi¬ 
tional  elastic  etraln  o®^  suet  satisfy  isotropy 
conditions,  end  so 

‘Sjh.-^u  {b.  +  ^<<ik<i.-5<ij  V  (8> 

In  which  K*  and  G®  era  certain  bulk  end  sheer 
r-jdull  which  cannot  he  leu  than  the  ectwal  Initial 
bulk  and  shear  moduli  K  and  G.  For  fitting  of 
coat  data,  It  waa  assumed,  with  auccasa,  that 

1/C®  -  0. 


lacalllng  gq.  1  (and  Fig.  la),  wa  nay  non 
write  the  IncrsmMtnl  etraoa-etreln  relation  aa 


*  Dijk»  *«• ¥lth  “W  * 

“Ajkn* 


(9) 


+  Applying  Cg.  7  to  olaotlc  deforeatiocs  (with 
f(n)  •  1),  om  finds  that  the  Mtrix  In  Bg.  7 
always  yields  Folaeae'e  ratio  v  -  1/1.  This  la  be¬ 
cause  the  slips  on  all  nlcroplanee  ere  neglected. 
Since  v  •  1/1  Is  not  quite  true  for  concrete,  the 
additional  alaatle  strain  aust  be  uaad  to  oaks  a 
correction,  lot  ua  now  determine  the  value  of  K® 
needed  to  achieve  the  desired  Poisson' e  ratio  v. 

Let  superscripts  c  end  a  distinguish  between  the 

values  corresponding  to  K,.  end  <£...  For 
ijra  nsa 

uniaxial  stress  we  have  •  0^/9*®  +  o^/I 

and  •  a^/H*  -  wco ^/l®  la  which  vc  »  1/1 

and  I6  *  leg  /3,  I  ■  F' (0)  «  Initial  norual 
n  a 

atiffneu  for  the  nlcroplaae.  Shwi^  ■  •  vt^, 

we  wust  have 


K®  *  - - *C  <for  »  *  v'>  (») 

9(vc  -  v) 

This  la,  of  course,  under  the  aemagtlon  that 

1/G®  -  0. 


in  which  tB>  k,  and  p  are  positive  constants;  k  - 
1.1  x  107,  p  ■  1. 

The  Integral  In  Eg.  7  has  to  bo  evaluated 
nunartcally,  approx lasting  It  by  a  finite  tun: 

R 

Dljh.  ‘  JV®Mk>',<®)»a  <“> 

In  which  a  refer#  to  the  valuoe  at  certain  nuanr- 
lcal  integration  points  on  a  unit  hemisphere  (l.e. , 
certain  directions),  end  v  era  the  weights 

O 

associated  with  the  integration  points. 

Since  In  finite  element  progress  for  lncre- 
nental  loading  the  nimeHoal  Integration  eeeda 
to  bo  carried  out  a  grant  maker  of  times,  a  very 
efficient  numerical  lstngratien  formula  le  needed. 
For  the  Blip  theory  of  plaotlclty,  the  Integration 
waa  performed  using  a  rectangular  grid  in  tba  t-4 
plans.  This  formula  la,  however,  eeemutatlonelly 
Inefficient  because  the  Integration  points  are 
crowded  near  the  poles,  sad  also  because  le  the 
b-d  pleas  the  singularity  arising  from  the  pole 
takes  away  the  benefit  from  a  use  of  higher-order 
Integration  formula. 

Optimally,  tba  integration  points  should  be 
distributed  ever  the  spherical  surface  as  uniformly 
to  possible.  A  perfectly  uniform  subdivision  is 
obtained  whan,  the  nlcreplanes  normal  to  tba  e- 
dlractiooe  are  the  aides  of  a  regular  polyhedron, 

A  regular  polyhedron  with  the  moat  sides  is  the 
iMMhadmn,  for  which  1-10  (half  the  ouaher  of 
•Idee).  Such  a  numerical  Integration  formula  wee 
p reposed  by  Albrecht  aad  Collett  [131 . 

thaarlcal  experience  revnalsd,  however,  that 
10  points  ere  not  enough  whan  strain-softening 
take*  place;  it  ms  foemd  that  the  atrala-eoftsnlng 
curves  calculated  fnr  uniaxial  tensile  at reuses 
oriented  at  various  angles  with  regard  to  tho  a- 
dltectloma  significantly  differ  free  each  other, 
oven  though  within  the  strain-hardening  resge  the 
differ amt »e  ere  negligible.  Therefore,  non  than 
10  point*  are  needed,  aad  than  a  perfectly  unifort: 
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•pacing  of  a-  directions  ti  Impossible. 

latent  end  Oh  (l?J  developed  nwericsl  Inte¬ 
gration  formulas  with  acre  than  10  points,  which 
give  consistent  results  even  In  the  strain-soft¬ 
ening  range.  The  aoet  efficient  formulas,  with  a 
nearly  urn  fora  spacing  of  a -directions,  are  ob¬ 
tained  by  certain  subdlvlalona  of  the  sidaa  of  an 
icosahedron  and/or  a  dodecahedron  (17).  Such  for¬ 
mulae  do  not  exhibit  orthogonal  sysnetrlas. 

Other  foraulas  uihch  do  were  also  developed  (17], 
Taylor  eerlea  expentione  on  e  epbere  ware  applied 
and  the  weights  teeoclated  with  the  integration 

points  were  solved  from  the  condition  that  the 
greatset  poaalhla  number  of  term*  of  the  Taylor 
aarlea  axpanelon  would  cancel  out.  The  angular 
directions  of  certain  Integration  points  ware  fur¬ 
ther  determined  ao  aa  to  cinlaiso  the  error  tens 
of  the  expansion,  foraulas  involving  Id,  21,  23, 
33,  37  and  61  points  ware  derived,  with  errors  of 
8th,  10th  and  12th  order  (17).  Table  1  defines 
two  of  these  numerical  Integration  formulae,  with 
21  and  23  points,  ooa  without,  and  one  with  ortho¬ 
gonal  synatry.  These  formulae  give  accuracy  that 
aufflcet  for  most  prstlcel  purposes.  For  cruds 
calculations,  a  formula  with  16  points  1 17]  may 
eoaetimes  alee  aufflca.  The  directions  of  Integra¬ 
tion  points  era  illustrated  In  Fig.  2.  Also  shown 
ana  strase-straln  diagram  calculated  with  tbs 
f omuls  for  uniaxial  tanslon  In  various  directions 
with  regard  to  tho  lntergratlon  points  (directions 
a,  b,  c,  d,...)i  the  spread  of  the  curvet  charac¬ 
ter  lies  the  range  of  error. 

Wumrlcsl  Algorithm 

Tbs  following  numerical  algorithm  may  be  used 
for  the  mlcroplana  model  in  each  loading  step. 

1.  Determine  e^from  Eqa.  1  end  2  for  all 

B 

directions  a  •  l,..d.  In  the  first  iteration  of 
the  loading  step,  use  c^  for  the  end  of  thm  pre¬ 
vious  stop,  end  In  subsequent  intentions  um  thm 
value  of  c  determined  for  thm  aid-step  In  the 

previous  iteration.  In  structural  analysis,  re¬ 
peat  this  for  ill  finite  elements  and  for  ell  in¬ 
tegration  points  within  each  finite  element. 

2.  For  all  directions  evaluate  F'  (a  ) 

B 

for  use  la  lq.  7.  Also  check  for  each  direction 
whether  unloading  occurs,  ae  Indicated  by  viola-' 
tlon  of  the  condition  i  Is.  £  0.  If  violated, 

a  n 

replace  /' (e  )  with  thm  usloedlng  stiffness  (which 
B 

may  be  approximately  taboo  aa  Ia;  however,  a 
better  expression  exist*. ) 

3.  tvclMte  d'^  from  Iq.  7  end  from 

Bq.  *.  In  structural  analysis,  repeat  this  for 
ell  elements  end  all  lategratloa  points  la  each 
element.  Wear  solving  etrene-etrsln  curves,  cal¬ 
culate  then  the  increments  of  unknown  stresses 
end  unknown  strains  from  Sq.  9.  In  structural 
analysis,  solve  (by  the  finite  element  method)  tbs 
lac  repeats  of  nodal  displacements  from  the  gives 


load  Inc reseat g,  end  subsequently  calculate  the  In¬ 
crements  of  and  Oj  far  all  elements  end  ell 

Integration  points  in  each  elameat.  Then  advenes 
to  the  next  iteration  of  t.,e  soma  loading  step, 
or  advance  to  the  next  loading  step. 

In  a inula ting  uniaxial  tanalle  loading  of 
fixed  direction,  the  unloading  elrtarlen  is  not 
Important  sloes  the  only  unloading  occurs  et  mod¬ 
erate  compressive  stresses,  for  which  e  perfectly 
elastic  unloading  oay  be  temmd. 

The  microplane  model  can  be  calibrated  by 
coaparlsoa  with  direct  tensile  teste  which  cover 
the  atraln-oofteaing  response.  Such  teste,  which 
can  ha  carrlad  out  In  a  very  stiff  testing  amchlne 
end  an  sufficiently  email  test  specimens,  hove 
been  performed  by  Ivons  sad  Haroi.be  (20]  so  well 
et  others  [21-231.  Optimal  values  of  the 

three  parameter?  of  the  model,  I  ,  k,  and  p,  have 

It 

been  found  ( If)  ao  si  to  achieve  the  best  fits  of 
the  date  of  Ivans  end  Mentha,  tame  of  these  fits 
an  shown  as  the  solid  lines  in  Fig.  3,  end  the 
date  an  shown  at  the  dashed  lines.  A  hatter  test 
of  the  model  would,  of  course,  be  a  tensile  teat 
under  rotating  principal  street  directions,  but 
such  tssts  htvs  not  yet  bean  performed. 

Mote  that  with  this  theory,  ooe  has  only  two 
material  parameters,  I  end  k,  to  determine  by 

H 

fitting  teat  data.  Trial  and  error  approach  la 
sufficient  for  that. 

Oownlealon 

The  mlcroplana  model  Is  capable  of  elaula- 
tlng  realistic  tensile  etreea-strain  curve  with 
strain-softening  end  reduction  of  stresses  all  the 
way  to  sere.  Combined  with  ths  blunt  creek  bond 
concept,  in  which  the  strain- oof  timing  is  re¬ 
stricted  to  e  region  of  •  certain  characteristic 
width  that  le  a  material  preparty  (1,2),  this  modal 
should  give  a  realistic  representation  of  fracture  - 
The  model  Is  gasmen!  amd  does  not  preclude  appli¬ 
cation  to  stress  histories  la  which  ths  principal 
•tress  directions  rotate,  these  features  are 
particularly  attractive  for  tbs  analysis  of  the 
response  of  caac rets  structures  subjected  to 
dye  sale  loads. 
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ARgTRACT 


rcaaarcR  la  structural  eeo- 
« rata  under  atatie  and  dfitilt  l»idla| 
baa  Roan  aortal  toward  tka  developaeat 
of  thrte-dlaansieaal  atrcae-atnla  ra la- 
(oaa  baaed  an  tka  principles  at  plasti¬ 
city  aa  wall  aa  elasticity.  Although 
alialf leaat  progress  la  tkla  araa  kaa 
k »a a  aada  la  raeaat  years,  aa  aatflad 
traataant  of  tho  variant  aalatlag 
aathenatical  aodcla  of  coacrata  kaa  kaaa 
attanpted  frea  which  a  coaprakaaa Ira 
alaat lc-p last lc-frac tare  etreea-atraln 
ralatlaaahlp  for  concrete  caa  ka  fernv- 
latad.  Tkla  aatflad  approach  la 
attaaptad  la  tho  praaaat  work. 

la  tkla  theoretical  davalopaaat, 
tha  f lva-paraaatar  talluro  aarfaeo  of 
Wlllan-Maraka  aedel,  tha  tachalgaa  of 
•load  kardaalag  far  cyclic  loading,  tka 
concept  of  craaklag  coefficient  and  tha 
deal  criterion  fnrtrnahlng,  cracking, 
and  mlaad  typoo  of  felloe  of  coacrata 
will  ha  conaldnrad  aa  tha  koala  far  thla 
conprakeaalva  davelepmaatw 


imopncTioa 


Far  the  aaat  part,  analytical  ata- 
dtae  of  tha  naallncar  rnapnnaa  at  raln- 
farend  concrete  atractnrna  have  haao 
feeaaad,  hy  aacaaalty,  on  tha  bahavlor 
of  Isolated  alnple  atractaral  alannnta 
each  aa  hnana  and  enlaaat.  Aa  gnantlta- 
tire  laf ornatloa  on  tha  lead-defamation 
hakavlor  of  cancrnta  danlopad  and  een- 
potlng  capahlllty  upandail,  tha  acepa  of 
aonllaaaT  analyela  hae  hroadanad  to 
lnclada  aack  trlanlally  leidsd  coacrata 
otractnrnn  aa  floettag  ana  tola,  offahnro 
platferna,  aahnergad  act  sctnrno ,  tha 
•anal  land-haand  ar  andargroond  coatala- 
•ant  raaaala,  preatraeaod  coacrata  rnae- 
tor  roaanla  and  done,  Althoagh  larga- 
aeala  f lnl ta-nlanant  aoftaare  pachagea 
•an  hare  a  aide  range  of  appllcatlona  la 
•any  araaa  of  atroaa  analyala,  laadn- 
gaato  material  soda  la  are  of  tea  o«n  of 
ika  major  factnra  In  Uniting  a  nttne- 
tnral  analyala.  Thl.i  la  napaclally  traa 
for  reinforced  coacreto,  nhara  haalc 
charactarlatlea  of  rolaforcod  eoncrota 
notarial#  da  not  eclat,  the  prnblea  of 
•adnllag  tho  nachtalcal  hakavlor  at 
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coacroto  tar  naa  la  analytical  atndlaa 
of  ralaferead  coacrata  structures 
ranalna  oaa  at  tka  neat  difficult  ckal- 
langat  la  tka  field  of  atractaral  con¬ 
crete  aagtaaarlng. 

Current  aaalyaie  preeadoraa  far 
reinforced  coacrata  prnhlowa  under 
abort-tarn  landing  am  aaaantially  eao- 
ar  tva-dlaenatoaal .  A  cannon  approach 
anna  tva  coacrata  paranatorat  coacreto 
codeine  aad  coacrata  freetnro  otrongth. 
Vorlooe  onplrlcal  agnation#  tor  tkeao 
have  boon  aatahllakad  hy  corva  fitting 
nnny  klanlal-laadlag-tnnt  data.  Tho 
haat  kaavn  at  tkaaa  aapraaalona  la  prob¬ 
ably  either  tha  eae  prapaaad  by  Lin, 
N llaaa ,  aad  llata,  at  Caraall  Salvar- 
atty,  ar  tha  ana  prapaaad  by  Carotin  at 
al  of  tho  Dntvnmity  of  Co'  .ado  (too 
Choa,  l!!l).  Their  egolvaleat  ana-  ar 
tna-dlaaealanal  approach  In  appealing) 
beeaaea  at  ita  alnpllclty,  ite  broad 
data  kaaa,  aad  tha  correlations  that 
have  kaaa  aatahllakad  hatnnan  tha  ceo- 
crata  nadnlna  and  a  variety  of  cwnerata 
atreagth  and  ttraln  charactef lattca.  It 
la  nail  knave  tknt  tkatn  nadnln  am 
••Inly  nppltcnhln  to  planar  prohlnns 
•  nek  ••  kaana,  pann.'n,  aad  tkln  akallc, 
vhnrn  tka  atroaa  la  pradanlaantly  blas- 
lal. 

At  praaaat,  Bnltl-dincnaf onal  •••- 
lyann  art  nanally  node  ky  taklag  tha 
aaacrata  ta  ha  taaranaatally  elan  tic. 
Hhaa  thla  la  done,  Pelaann's  ratio  nnst 
I  defined,  anvever,  It  In  cot  peanthlo 
to  doncrlho  the  throe-dlaonalonal 
e trece-e train  hakavlor  of  eoncrota 
aatnrlala  accurately  In  thn  f rnnnvnrk  nf 
an  Inarnnaatal  Bnaka'a  lan  with  variable 
nodal  1  nhlnh  are  fnaatleaa  nf  tha  m- 
lnnn  atraaa  and/or  ttraln  Invnla. 
■•••at  raannrah  In  ntrnatnrnl  cnnnrnto 
aadar  etaclc  and  dynnnlc  landing  hat 
kaaa  navtng  taaard  tha  development  of 
throe-dinonelosal  atraao-etrala  rola- 
ttoao  haaod  oa  tha  prtnnlplaa  of  plaetl- 
clty  ••  noil  at  alantlalty.  Althengh 
■•••  nark  In  thla  area  hat  bans  daao  In 
rcennt  yea  re,  a#  nalfled  treatment  of 
thn  varlans  anise  lag  nathaaatlcal  msdsle 
nf  cnaerntn  hsa  bsea  nada  free  vhtch  a 
canprahaaalva  alaat tc-plaatlc-f races  re 
atraaa-atrala  relationship  for  coacroto 
can  ha  farnnlatad.  Thla  aatflad 


/ 


aggrsack  it  tttaagtad  Is  tha  |HM>I 
»agor . 

1*  iMi  MM'  i  onglrleal  agvatlaat 
far  aodelsa  aa  frattare  atreagtk  aider 
Meals!  Uilli|,  iiM'leil  iimhiImi 
far  kail  Ml  shear  Midi)  ailir 
Mesial  »tr •••  etataa,  erthetregU  elaa- 
tleltg,  garfeet  til  verk- harden  ag  glee- 
U«ll|,  aklck  kaaa  kaaa  treated  *a  I* 
Ulldlail  tackalgee  la  tha  aatkeaetlcil 
kedelie}  ef  caacraia  kakavlar,  art  tat- 
■llaral  la  ralatlaa  ta  a  eeaaea  atrwe- 
tara.  Seas  a(  tka  lararralat leaahlga 
kataaaa  tka  satirical  aauatleaa,  tlaatl* 
eltg,  til  plaatiett*  ara  aiaaiaed  erltl- 
(till  Ml  egathaeleed  ta  ar4ar  ta  (araa- 
Uta  a  eoaprtheae  1*«  alaat  Ictlaatic* 
fractart  etreii-atrele  relatleaehlg  far 
taacrata.  la  gartlcwler,  tka  ftve- 
geraaater  fatUre  aarfaca  af  uillaa- 
karaka  aatol.  tka  tackal*aa  af  alail 
herdaalag  far  egelle  leodlage,  tka  ala* 
lit  (MUM  *f  craaktag  caafflclaat  Ml 
tka  fttl  etlttriaa  for  craaktag  tgge, 
tka  cracklag  t r r a  aal  tka  alaad  tgga  af 
fallara  of  ceaerete  ara  caaaldarad  at 
tka  katla  tar  tkta  caagraheaa l»a 
data logaett ■ 

it  la  ataa  eigaccad  tkat  tka 
thrsa-dlataaleaal  flatta  alaaaat 

aaalgala  gregraa  curreetlg  wader 
devalogaaec  at  Fwrdee  Dalvaralcg  will  ka 
tkw  f aaadat laa  far  a  gaaaral  eergoie 
aaallaaar  ralafarcad  cattrata  aaalgala, 
ataal-aaacrala  tataractlaa  gregraa.  la 
tkta  data lagaaat ,  tka  ceagraheaalvs  tat- 
ttltatlrt  agaitlom  developed  lo  tka 
araaaat  aark  iar  caaeraca  notarial  till 
ka  lagleaeaCed  lain  tka  caagatar  coda  la 
tka  fara  af  aakreactaaa,  which  caa  ka 
raadll;  adagtad  kg  sag  aaallaaar  flalta 
alaaaat  caagatar  grograa  la  aklck  tka 
talwllet  natkad  la  kaaad  ea  tka  lacre- 
aaatal  aggroack  altk  a  taagaac  aodwlta 
foraelattaa  far  aalalag  alaatlc- 
glaa t  Ic- f rac tara  grokltoa. 


1.  Til  LIT IkdTOll  Ul  TMI  STATI-Of-Tll* 

m - 

la  attaagt  will  ka  aoda  kata  to 
r««ta«  tka  aaat  lltaratara  oa  tka 
aatkaaatieai  -ode U eg  aad  aaallaaar 
taalgalt  of  ralaforcad  coacrata 
atractrrao-  1  coagrakaaa 1 ve  etate-vf- 
tks-ort  aaaaarg  aa  tka  eoaatltwtlaa 
aodallag  af  ralaforood  eaacrata  no t a r 1 - 
ala  kaaad  *a  tka  tkaartaa  af  llaaor  aid 
aoalliaar  alaatlcltg  aa  wall  aa  tka 
tkaarlaa  of  garfact  aad  wark*kard«atag 
glaattoMg  tagatkar  wltk  tkalr  flalta 
alaaaat  oggllcatlaaa  la  glvaa  la  a 
'(tail  coagrakaaataa  kaak  aatltlad 
'floatlcltg  ta  taiafaraad  Caaerata*  kg 
Ckca  (IcCrow-giH  ,  ltll).  fwreker,  a 
coagrakaaa 1 »a  o t a t t-of- tka-ar t  rarlaw  oa 


caaatltotlaa  aodallag  af  aotartala  aid 
f talta-alaaaat  aaalgala  af  ralafaraad 
eaacrata  ttrootwroa  wtlk  tggloal  Mae* 
glat  of  roatat  aggl teat laoa ,  tagatkar 
wltk  aa  aataaaloa  llat  at  rataraaaaa, 
aid  aaagllatlaa  af  aaollakla  caagatar 
pragma  la  caatalaad  ta  tka  agaa'al 
ragart  af  tka  ASCI  Caaalttaa  (HID  aa 
flalta  alaaaat  akolgala  af  ralafarcad 
caaerata  atrwctarao  (A.  I,  Ulna  af 
Cattail  Dataaraltg,  Ckalraaa>.  la  gar* 
ticwlar,  tka  aotartala  graaaatad  la 
Ckogtar  1  af  tha  AJCg  lagan  aatltlad 
‘Caaatltwtlaa  lalatlaae  aad  foliar* 
Tkaartaa*  kg  tt,f,  Ckaa  (Chalraaa),  1.*. 
laiaat,  0.  lagwkaatark,  T.T.  Ckaag,  B. 
Ba-wla,  T.C.T.  tin  and  K.J.  Villaa  gra¬ 
vida  a  valwtkla  aewroa  af  lkfaraattaa  aa 
tka  earraat  ttata-af-tka-art  It 
aatkaaatieai  aadallag  at  ralafarcad  ca»- 
crata  aotartala.  Detailed  aad  tataatlva 
dlecwaalcaa  af  tka  tkraa-dlaraalaaol 
alaatic-glaatlc-fractwra  caaatltotlaa 
agaatlaaa  far  caaerata  ara  glvaa  la  tka 
two  rafaraacaa  aaattaaad  akava  aad 
tharafara  will  lot  k*  rtgtatad  kora. 
Instead,  a  dlacwaalaa  of  tka  gartlewlar 
faatwraa  to  ko  laclwded  la  tha  graaaat 
ferawlatloa  at  a  coagrakaaa I aa  alaatlc- 
glaa t tc-f rac t wra  1 1 raaa* a t ra 1  a  ralatlaa* 
aklg  tar  coacrata  la  glvaa  la  tka  forth* 
eealag . 

It  la  vartk  aaattaatag  kara  tkat  a 
atraag  lagatva  to  rtoterch  1*  tklo  |M- 
oral  arat  kaa  kaaa  tka  atadlaa  ragulrad 
far  tka  daalga  af  graatraaaad  coacrata 
raocter  vaaaalo.  Mara  racaat  verk  la 
till  a ra a  can  ka  follevad  through  tha 
frocaadlaga  af  tka  1  at araa t laaa 1  Coafer- 
aaca  oa  ttrwctwral  Nacktalcs  la  laactar 
Tackaalagg,  gvkllakad  ragularlg  elite 
Ull.  Igeclal  grecaadlaga  dealiag  wltk 
tka  aaallaaar  f lit t e-eleaeet  aaalgala  af 
ralafarcad  eoacrata  atrectwrea  kava  kaaa 
gukllahad  kg  IASI  (1*11).  feilteealee  dl 
Mllaao  (1*11),  tad  IAIM  (1*1*).  Moat 
racaat  grecaadlaga  tkat  kava  jaet  kaaa 
guhllaked  are  the  two-velvae  lAIgt  gvk- 
llcatlaa  aa  'Advaacad  Mackaatcr  of  laia- 
farcad  Coacrata*  (Collogatva,  Dalft, 
1*11)  aad  tka  Varkahag  aa  Caaatitwtlva 
lalatlaae  for  Coacrote  held  lo  Alkw- 
guergwe,  law  Malice,  oa  Agrll  H-H, 
1*«1  aguatorad  aad  gvkllakad  kg  tha  Air 
farce  Uaagoat  Lokoratorg  aad  tka  lav 
Maitco  laglaaariag  Research  laatltata. 


J.  COIITlTPTIIg  IQPATIOII  F0»  C0ICI1TS 

Caaerata,  Ilka  aaag  atkar  eejiaeer- 
iag  aotartala.  aiklklta  brlttla  kakavlar 
far  taotila  aad  aaoll  caagraaslva 
atraataa  aid  kacaaaa  dvetila  ta  tka 
graaaaea  of  largo  kgdraatatic  graaaaraa. 
It  la  (karafare  aaailagfal  aad  cca- 
vaalaat  ta  aaak  giald  ctllerli  aad  elas¬ 
tic  acraaa-a t rata  rslst ieeahtge  for  cee- 


5? 


cr««*  la  IM  Beattie  attti  ta<  ta  etak 
etjiarta  aaB  a trvta-atraia 
(tlailagtklft  far  oaaciaia  is 

»*>•  >miji  atata.  tkata  krlttl#  aaB 
tactile  aalclt  aaa  tfcaa  ka  task  lead  ta 
pravtie  a  prep«?  Beecriptlea  at  tfca  Ma- 
aad  pact-failure  kakavlar  at  cetcreta  la 
lha  Buet  I  la-fcri t t la  atata. 

la  tka  tellnulag,  »e  euaaartte  tka 
ipaclal  features  la  faraulatlag  aa 
alesclc-pltikie*  fracture  aaBal  fat  tka 
t lal tc-alaaaat  aealytl*  at  caaerata 
ctructeraa.  leave  aa  tka  recant 
Icvalopaeate ,  at  Hapt  tka  flva* 
parasatar  fracture  (»r  ytelBtag)  crl- 
tarlaa  ef  VHUa*ll<t»U  (IBM)  aa  Ike 
failure  aalil  tar  caaerata.  laetrapie 
tlaatlc  «•!  eaiaatreplc  alaatle  tkaarlaa 
ara  appil«B  far  tfca  Beacrlptlee  at  tka 
laltlal  lailiti  m  tka  peet-fallere 
kafcavlera  at  caaerata.  A  plastic  aaBal 
lltplaplai  dial  SarBaalng  la  tail  ta 
leecrike  tka  caaerata  kakaalor  kataaca 
tka  laltlal  ytelBtag  til  tfca  fractare 
(allure.  lacraaaatel  a t ra»a- a t ret  a 

relatlaaafcipa  ara  tkaa  latlitl  petal  aa 
tha  ataaelatM  tlaa  nit  tad  alaaB  fcar- 
*»»1M  Ul£  •*  laetrapie  aaflliaaiiie 
•aa®1**  !•  tka  praaaat  linlapaiit, 

tfcraa  Blfferaat  type*  at  failure  Bales 
ara  cteillirti.  A  alapla  ctaeklal  cetf- 
tlclaat  la  liliitl  kite?  eo  “a  j»il 
ctltaclea  to  lliatlly  tka  creaklag  type, 
tka  erecklag  type  til  tka  alttl  tppa  at 
failure.  Datalla  at  tkta  Bevelepuaat 
■re  Itvaa  la  tka  fertkeeatag. 


1 .1  Uaatlc-Htatlc-Fractece  NeBel 

kiffaraat  atagaa  at  tka  1-B  nlil 
•titUttl  apart  caa  ka  llluatrateB 
■ckaaatlcellp  In  a  typical  ualealal 
■  t raaa-et rat  a  carat  far  a  plait  caaerata 
■beat  la  Pig.  1. 
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Far  taaallt  failure,  tka  kakavlar 
1*  eaaaattally  llaaarly  alaatle  up  ta 
failure  leaB,  tka  .-cilaea  atraeacB  etla- 
tlBe  ultk  tka  Milan  atralaa ,  ul  aa 
plaatle  atralaa  ateur  at  tka  failure 
aaaaat.  Par  caaprcaelve  faliura,  tka 
aaterlal  laltielly  taklklta  alaaet 
lleeer  kakavlar  up  ta  tka  prapartlaaal 
Halt  at  patat  A,  attar  aktek  tka 
aaterlal  ta  pragreaelvely  uiIimI  ky 
lataraal  altracracklag  up  ta  tka  Ml  at 
tka  ptrfaetly  plaatle  fit*  ragiaa  CD  at 
patat  B,  Tka  aealtaear  Beteraetleae  are 
kaaleallp  plaatle,  aleea  upaa  laltillai 
aaly  tka  partlaa  <*  eaa  ka  receveraB 
traa  tka  tetel  Bataraattaa  t,  it  la 
clear  tfcet  tka  pkaaaaaaaa  la  tka  ragtaa 
kale*  patat  A,  ta  tka  regie*  AC,  aeB  ta 
tka  ragtaa  CD  curraepeeBe  aaactly  ta  tka 
kakavlar  af  a  llaaarly  alaatle,  a  uark- 
harBaatag  alaataplaatle ,  caa  aa  alaatle 
parfaatly  plaatle  eellB,  raapeetlvoly. 
Tka  uat  of  aa  aleattc-uerk~fcirBaatag- 
plaatlc  aaBal  ta  Baaerlke  tka  at rase* 
atrela  kakavlar  af  caaerata  aatvriala  la 
tkerafara  vary  attractive  ta  vieu  af 
tkaaa  apparaat  alal lari t lea . 

Ue  akall  tkerafara  aaauaa  a  llaaar 
ar  aaaliaesr  alaatle  at reea-etrai*  rale* 
ttaeaktp  uatll  tka  coaktaeB  atata  of 
■trail  raaakaa  aa  laltlal  ylalB  aurfaea. 
Tka  laltlal  ylalB  erltarlaa  ta  aaeuaaB 
ta  kava  tka  aaaa  geeaatrleal  akapa  la 
tka  atraaa  apaaa  aa  tka  railura  crl* 
tartea,  Tka  f 1 ve*paraaatar  failure  crl* 
tartaa  af  Vlllaa-Warake  la  uaaB  ta 
Baflaa  tka  eltlsate  atata  af  atraaa.  A 
further  Blaevaalua  an  tka  ckalca  at  tka 
W 1 1  lea-Maruka' a  f  lva-psraoatar  aaBal  la 
glvaa  la  lac.  A.t, 

Betveea  tka  laltlal  ytelBlag  atata 
aaB  tka  failure  atata,  aa  laeraaaatal 
atraaa  aaB  cerala  rclatleaaklp  la 
aasaaaB  ta  Baflaa  tka  plaatle  kekavtera. 
Tka  plaatle  rtUtleee  are  BavalapaB  aa 
tka  fcaala  af  a  alueB-fcatBealai  tula  aaB 
tka  elaaateal  aaaeeiataB  tlaa  rule. 
Tkla  Bavalapaaat  la  Biaeuaee^  la  lee. 
*.  J. 

Far  tka  peet-felluru  •aBala,  tka 
caaerata  kakevlerc  era  BaflaeB  ky  tkraa 
typaa  af  faliura  aaBaa,  aaaely,  creek* 
lag,  cruaklag,  aaB  a  atieB  Bad* .  1 
cruaklaa  caaff leleat  kaael  aa  a  Baal 
erltarlaa  kaa  raeeatly  ka«a  prapaaal  ky 
■  alak  at  at  (IMt)  ta  iBaatlfy  aaek  af 
tka  faliura  aaBaa.  Tkla  feature  af  tfca 
Bavalapaaat  la  BaaertkaB  ta  tee-  M. 

Far  a  fractured  caaerata,  pra* 
ceBurea  kava  aaaa  BavalapaB  to  kaaBla 
tka  etraee-etrela  raBlat .lbutlae  af  a 
fractureB  alaaaat  (tmaakl  aaB  Ckaa, 
l til).  Tkaaa  praeaBv.raa  ara  tailaraB 
tar  tka  f lalta-alaaaae  aaalyala  af  eaa* 


(titt  ilruunt,  Far  i  K  t  f  rttuiH 
(•■tnU  a t rata- a t re  1  a  ralatlaa,  aa 
a  •  I »* [ r  a» ! c  elastic  aoke  1  la  weak  . 
Dattlla  af  ikli  ara  |l»ae  la  lac.  1.). 

1  • }  f«l  Ufa  Cflmti 

1*  early  f I  at t a - o l eaaat  aaalyaea 
tka  *aa  Mays  ar  Tfaaea  tyye  af  ylelk 
aarfaea  fa?  kae 1 1  la' aat ala  la  (aaarally 
aeak  far  caarrate  waker  coayraaslre 
•  tiaaiM.  Tkla  tyye  af  yreeeara- 
lakayeakaat  ylelk  sarfer*  corraayeake  ta 
a  yara  akaar  ar  octak'/'ral  akaar 

kayaekaaca.  To  accaaat  far  tka  lialtek 
taaalla  capacity  of  caacrata,  tka  aaa 
Hlaea  ar  Traaca  aarfaea  aaaally  la  aa|- 
atataf  ky  a  separate  t aaa lea- fat  lore 
aarfaea,  a.|.  tka  aa  « 1  awe- y r l ae 1  ye  1- 
atraaa  aarfaea  ar  t aaa I aa- eat af f  aar- 
f  aca , 


Tka  truckar-praiar  aarfaea  ta  yrek- 
akly  tka  elayleet  tyye  af  yrsaaare- 
ksyeakeat  ylelk  ar  fallara  critarlaa 
akara  tka  pgra  akaar  ar  oetekekral  akaar 
'act  ^ef*ak*  llaearly  oa  tka  kykro- 

atatle  yieeeara  I (  ar  ertekekral  aoraal 


strata  •  It  cat  ka  loekok  ayoo  aa  a 
aaaotk  kltl'Cttlaak  aarfaea.  Tka  lattar 
kaa  fraaaaatly  kee*  taal  aa  fallara  aar¬ 
faea  far  caacrata,  aktla  tka  Bruckar- 
f ri|ar  aarfaea  kaa  aaat  fraaaaatly  kaaa 
>nl  fat  aalla.  Tka  Bratkor-frager  aar¬ 
faea  kaa  t>«  kaate  akartcoalaga  la  coi- 
ttctltt  alth  concrete  aokellng:  tha 


a  ail  cka  Uiataaf atea  of  tka  aafle 

ac  t 

of  aiailtrlty  I  (aaa  Pig.  1).  *ka 


tally  akaaa  ta  ka  caroek,  tat  tka  traca 
af  tka  fallara  aarfaea  aa  kevletorlc 
aaettoat  la  aac  ctrealar.  Tso-yareaater 
aokele  altk  atral|kt  llaaa  aa  aarlklaaa 
ara  tkarafara  laiiayaata  for  keeeriklag 
tka  fallara  af  caacrata  la  tka  klgk- 
eaayraaclaa  reage. 


Tka  geaerallsak  Broeker-Preger  aar¬ 
faea  yreyeaek  ky  Iraalar  aaJ  Hater 
(19S8)  aaiaeas  a  yarakallc  kayeakeaca  of 

i  aa  a  aklle  tka  koalaterle  aae- 

aet  act 

tlerfk  ara  lakayeakeae  af  I.  Oa  tka 
atkar  keek,  tka  aarly  aarataa  af  tka 
tkraa-yaraaatar  aarfaea  keoaleyak  ky 
k  i  1  leer-karate  09?})  ratalae  tka  lltitr 
t  -  a  ralatlaa,  kat  kaeistorle 

act  act 

aaetlaae  sakiklt  B-keyeakeaee  .  Tka 
taar-paroaetar  aokal*  af  Ottaaaa  (19??) 
asf  lotek  at  al  (1992)  ail  tka  reflaek 
f  ita-ytraaaitr  atlal  af  ¥  1 1  lea-kerake 


ranatltate  katk  a  yarakallc  i  -  a 

act  act 

ralatlaa  aa*  a  k-keyaekeaee .  Matt  o  f 
t  ka  aa  reflate  alkali  (Ira  a  eieee  aatl- 
aata  af  tka  ralataat  aayarlaaatal  kata 
(1991),  east  ala  all  tka  tkraa  atraaa 
laaarlaata,  raflact  all  tka  regairak 
e ka rac t a r I  a 1 1 1 a  ceeceralnj  aaaotkaaaa, 
caartil t  y ,  ayaaatry,  carrak  aarlklaaa, 
ate.  tat  tka  kill aa-Ua  r ak  a “ a  fi»e- 
yaraaatar  aokal  laclakaa  aaat  of  tka 
aarllar  aaa-,  taa-  aak  t k r aa- ya raaa t a r 
aakala  aa  ayatlal  caaaa  aak  kacaaae 
•aeraaalagly  yayalar  la  recast  years, 
ka  tkarafara  akayt  tka  f 1  re- ya raaa t a r 
fallara  aakal  af  k 1 1 laa-karake  aa  tka 
kaate  aarfaea  far  tka  kaaalayaaat  af  tka 
yraaaat  alaa t lc- y laa t la - f rae I  era  aakal 
far  caacrata. 


Tka  flaa-yaraaatar  aokal  It  lllae- 
tratak  la  Ilk.  1,  akara  It  la  coayarak 
altk  trlaalal  teat  kata.  Close  a(r ee- 
•eat  caa  ka  akaaraak  for  katk  kykrea- 
tatU  aak  kaaiaterlc  aactloaa.  Ia  tka 
leg-coayreeelea  ra|laa  tka  aarfaea 
atraagly  raaaat  laa  a  tetrakakrea,  tka 
ylaaa  or  aklck  Saigas  altk  lacreealag 
kyerostatlc  ceayraseloa  ayyroalaat lag  a 
elrcalar  coaa  esyay t o t 1 ca 1 1 y . 

la  aaaaary ,  tka  k  1 1  laa-Waraka *  a 
f Ire-yaraac t ar  aokal  rayrokacaa  tka 
yrtaclyal  features  of  tka  trlaalal 
fallara  aarfaea  of  coaerata  (Ckaa, 
1992).  It  caaelete  af  a  coalcal  akaya 
alt  coma  aarlklaaa  aak  aaadrcalar 
kaaa  aactlcaa  aa  rail  aa  aeaaffias  sac- 
tlaas  ta  tka  kaalatarlc  ylaaa.  la  alaa 
af  tka  flaetaatlama  of  asyarlaaatal 
raaalta,  tkara  la  ltttla  aaak  for 
fartkar  raflaaaaata  af  tkla  aakal.  This, 
aa  ekaaaa  tkla  aarfaea  aa  tka  kaale 
faras  far  yialktag,  leeklag  aak  fallara 
aarfeeaa.  fartkar  klacasslaaa  vtll 
tkarafara  ka  facaaak  aa  tka  kaaalayaaat 
af  at raaa-a t rala  ra 1st ioaeklys  of  eoa- 
crete  aakar  geaeral  atraaa  states 
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3 . 3  Mixed  Hardening  Hula 

It  it  convenient  to  aaaume  a  cri¬ 
terion  for  Initial  yielding  to  have  tha 
aaae  functional  fora  aa  tha  failure  cri¬ 
terion.  In  the  preaent  nodal  baaed  on 
the  f lve-paraaeter  failure  criterion  of 
Willem  and  Wernke  (1975),  the  aatarial 
conatanta  are  alao  aeauaed  to  reaaln  the 
aaae,  except  that  the  nondlaenalonal 

constant,  the  compressive  strength  f  la 

replaced  by  *  a  different  value 

f  «  0.3  ~  0.6f  .  The  exact  value  of  f 
c  c  c 

can  be  taken  froa  tha  uniaxial  coapres- 
alve  atreai-et .sin  curve  of  the  specific 
concrete  used. 

The  initial  yielding  criterion  and 
the  failure  criterion  define  the  Halts 
of  the  elastic  region,  the  plaatic 
region,  and  the  post-failure  region. 
Within  the  elastic  region  and  the  post- 
failure  region,  theories  of  linear  elas¬ 
ticity  and  nonlinear  anisotropic  elasti¬ 
city  can  be  applied  to  concrete  froa  tfie 
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Figure  3  Conpsrison  of  teil.  result!  tor  Villun-VimFt  Failure  Mode. 

{Villas  and  Vamle.  19T*0 

macroscopic  point  of  view  (Cher  and 
Saleeb,  1982).  For  a  state  of  stress 
beyond  the  initial  yielding  Irreversi¬ 
ble  deformations  bacoae  significant.  It 
is  convenient  to  follow  the  work- 
herdeolng  plasticity  theory  to  develop 
the  required  incremental  fore  of 
s  treaa-straln  ralatlonshlps.  This 

require!  the  consideration  of  a  harden¬ 
ing  rule. 


The  hardening  rule  defines  the 
action  of  tha  subsequent  yield  surfaces 
during  plaatic  loading*  A  number  of 
hardening  rules  have  bean  proposed  to 
daacrlba  tha  growth  of  subaaquant  yield 
aurfaces  for  work-hardening  aateriela. 
The'  choice  of  a  specific  rule  depends  on 
tha  aaaa  with  which  it  can  be  applied 
and  its  ability  to  represent  tha  harden¬ 
ing  behavior  of  the  material  being  con¬ 
sidered.  Three  type*  of  hardening  rules 
are  most  frequently  considered: 

1.  Isotropic  hardening  (Hill,  1950) 

2.  Kinematic  hardening  (Prager,  1955; 

Ziegler,  1959} 

3.  Mixed  hardening  (Hodge,  1957) 

The  lsotroplc-hardenlng  rule  assumes  a 
unifora  ezpansion  of  the  Initial  yield 
surface.  It  applies  aalnly  to  aonotonlc 
proportional  loadings;  for  cyclic  and 
reversed  types  of  loadings  for  materials 
with  a  pronounced  Bauschlnger  effect, 
the  klneaatic  hardening  rule  la  sore 
appropriate.  It  considers  the  Eauach- 
lnger  effect  in  an  idealised  aanner  and 
also  the  development  of  anisotropy  due 
to  plastic  deformation.  Combinations  of 
isotropic  and  klneaatic  hardening  are 
called  mixed  hardening ,  which  is  found 
to  be  more  suitable  for  concrete  materi- 
i  It . 


In  t*-e  preaent  model,  we  consider 
the  plastic  strain  Increment  in  the  form 
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and  Introduce  a  constant  parameter  M  to 
define  the  isotropic  hardening  etfect 
dtP*  -  M  dej  .  The  remaining  plastic 


itraln 


increment 


d  e 


Pk 

U 


is  then  due  to  the 


klneaatic  huiderlng.  The  strain  incre¬ 
ment  dcij  1*  related  to  the  isotropic 


hardening  function  through  the  concept 
of  affective  stress  -  affective  plastic 
striln  which  aakss  it  possible  to  extra¬ 
polate  froa  a  simple  uniaxial  compres¬ 
sion  test  into  the  multidimensional 


situation. 


The  strain 


increment 


d  e 


pi 
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is 


related  to  the  kinematic  hardening  rule 
of  Prager's  or  Zla  gler'a. 


In 

concrete 
<  M  <  1) 
f  raedom 
tiona  of 


this  mixed  hardening  model  for 
,  tha  weighting  coefficient  M  (0 
is  introduced  to  allow  the 
of  selecting  different  propor- 
isotroplc  and  klneaatic  effects 
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in  the  nixed  aodal.  X  can  alto  be  a 
negat lve  value,  ao  that  laotropic 
softening  can  aleo  ba  coniidarad.  Tha 
advantage  of  uaing  tha  concept  of  alxaj 
hardening  have  baan  daaonatratad  by 
Axeleson  and  Saauelaaon  (1979)  In 
dsacribing  cha  loading  cycKe  of  aataXa 
and  by  Halah  at  ai  (  1982  )  in  daacrlbing 
tha  reversed  loading  behavior  of  con- 
c  rata  aatarlala . 

In  developing  an  a  1  aa  t op laa  1 1  c 
■odal  for  work-hardening  notarial,  thraa 
baalc  aaaunptioni  ara  ganaral  employed: 

1.  Tha  flxlatanca  of  Initial  yield  aur- 
f  aca  and  aubaaquant  loading  aur- 


2.  Tha  foraulatloa  of  an  appropriate 
hardening  rule  that  daaerlbaa  tha 
evolution  of  aubaaquant  loading 
aurf acaa . 

3.  A  flow  rule  that  opaclflaa  tha  gan¬ 
aral  fora  of  the  a  t  raaa-  a  t  ra  i  n 
r a  la  1 1 ona  hi p . 

In  the  praaant  work,  tha  flrat  aaauap- 
cloo  la  aatleflad  by  tha  choice  of  tha 
f  lve-paraaatar  nodal  of  Willem  and 
Warnka  (Sac.  A. 2).  Aa  fot  tha  eecond 
aaaunptlon,  va  have  choaan  tha  nixed 
hardening  rul«  aa  daacribad  hare. 

Tha  third  aaaunptlon  atataa  that 
for  an  ldaallaad  plaetlc  notarial,  it  la 
poaalbla  to  dafina  a  plaatic  potent  lal 


ir  i j • 


The  gradient  of  tha  potential  aur- 
faca  da  f  <  ne  a  the  direction  of  tha 
p  laa t lc-e t rai n  incraaant ,  while  the 
length  la  deteralned  by  tha  loading 

paranetar  d » . 

The  flow  rule  la  aaaoclatad  if  tha 
plaatic  potaotlal  hat  tha  aana  ahapa  aa 
the  yield  condition 
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The  aaaoclatad  flow  tula  la  applied 
hera  fot  practical  reaeona,  ainca  there 
la  very  little  axparlaantal  evidence  on 
aubaaquant  loading  aurfacea.  In  a  few 
caeaa  obearvationa  ara  available,  a.g. 
on  tha  voluea  change  during  plaatic 
flow,  va  nay  uea  thle  Infornatton,  in 
the  aubaaquant  devalopaant  to  conctruct 


a  plaatic  potential  independently  of  tha 
yield  aurface  fot  controlling  dllatancy 
or  conpac  t Ion  (Chan,  19?’). 

With  the  help  of  thaaa  three 
aeeunpt lone ,  wa  can  now  determine 
uniquely  tha  atraaaaa  which  arlae  during 
any  lttration  in  a  numerical  analyaia  in 
which  known,  finite  changaa  In  atrain 
At  ara  lnpotad.  Thia  la  tha  aubjact 

of  a  later  dlacuaalon. 

3 ■ *  Foat-Frac  ture  Kodellng 

Concrete  fella  or  fracture!  in 
axtraaaly  complex  node*.  Aggregate 
lyp**,  nixed  daalgn,  and  loading  condi- 
tiona  aaong  many  other  factora  all  play 
rolaa  in  tha  cauae  of  failure.  It  la 
difficult  to  claaalfy  and  dafina  pre- 
ciaaly  tha  f ai  lure  aodea .  Rovever,  in  a 
ganaral  aanaa,  the  node  oi  failure  nay 

be  categorlaed  Into  thraa  typaa,  mealy, 
the  cracking .  cruahlng  and  a  atxture  of 
cracking  and  cruahlng.  Documented  teat 
raaulta  for  t ana i on- r ana  1  on  or  teneion- 
conpreeslon  biaxial  condition a  ah ow  the 
cauaa  of  fracture  la  prlaarlly  a  brit¬ 
tle  eplittlng  in  tha  plana  nornal  to  tha 
natlaua  tanalla  atrain  direction  (ate 
for  axanpla,  Chan  and  Ting,  1980).  for 
tha  trlaxlal  conpreaelon  taate,  depend¬ 
ing  on  Cha  nagnltude  of  cOnf inaoant 
pressure,  it  caaaa  that  all  tha  thraa 
typaa  of  node  ara  poaalbla.  When  tha 
confinanant  preesure  la  auch  lower  than 
tha  axial  conpreaelon,  rough  crack  eur- 
facai  can  ba  formed  in  tha  direction 
nornal  to  the  aaxiaun  tanalla  etralD, 
poaaibly  due  to  tha  connection  of 
numerous  nlcrocracka.  For  nearly  uni¬ 
form  hydroetatlc  condition,  cruahlng 
failure  la  nora  cannon  ,  poaaibly  due  to 
tha  rupture  of  nortar  in  tha  concrete. 

In  view  of  tha  failure  aodaa  due  to 
varioua  typaa  of  loading  renditions,  a 
cruahlng  coefficient  o  haa  baan  propoeed 
to  identify  tha  node  being  either  a  pure 
cracking,  a  pure  cruahlng,  or  a  mixture 
of  cha  above  (Halah  at  al,  1982).  The 
coefficient  can  alao  ba  ueed  to  eacinate 
tha  proportions  of  tha  cracking  affect 
of  tha  cruahlng  effect  in  a  mixed  type 
of  failure.  This  concept  la  found  to  ba 
particularly  appealing  whan  the  post- 
fallure  behaviora  of  tha  fractured  con¬ 
crete  are  coniidarad.  This  concept  la 
further  refined  in  tha  praaant  work. 

Tha  concept  -f  cruahlng  coefficient 
la  baaed  on  tha  consideration  of  a  duel 
criterion  in  defining  tha  pure  cracking 
•ona  and  tha  pure  crushing  ions  !n  tha 
overall  epectrui  of  failure  node.  In 
tha  early  development,  tha  pure  cracking 
■ona  ia  aaaunad  to  aatiafy  tha  max lnun 
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•  anil*  of  similarity,  rig.  2.(6) 


It  aay  ba  ahown  that  tha  upper  Halt  of 
tha  pur*  cracking  condition  aatlaflaa 
tha  uniaxial  and  the  biaxial  eoapraaalon 
failure  teat  data,  aaa  ?lg.  4.  For  the 
pure  cruahlng  type,  It  aaa  aaauaed,  aa  a 
flrat  approxiaat Ion ,  that  all  three 
principal  atraln  coaponenta  are  all 
eoapreaalve  atralne,  ao  that  the  crack 
aachanlan  can  not  be  developed  In  the 
light  that  no  tenalle  atraln  could 
appear  In  any  direction.  Thla  lapliea 
that  the  aaxlaua  principal  atraln  la 
non-poaltlve 

<  0  (7) 

Ualng  the  Hooke'a  law,  thla  condition 
tay  be  expreaaad  In  taraa  of  the  stress 
Invariant*  aa 


v 

i  « « « -nr;  no) 


If  Folaasn'a  v  la  taken  to  b*  0.2,  we 
have  tha  atapl*  value*  of  a  *  l.o  and 
2.U  at  tha  boundary  values  separating 
tha  three  different  failure  tones,  thla 
It  Illustrated  achaaatleally  la  tho 
octahedral  cornel  and  ahaar  strata  space 
at  ahown  in  Fig.  4. 


Not*  that  In  obtaining  the  alaple 
crushing  coefficient  a,  Hooke's  lew  of 
elasticity  was  oaployad  to  obtain  tha 
strata  criterion.  Strictly  speaking. 
Chit  la  Inconsistent  In  aa  elastlc- 
plastlc-f ractur*  nodal;  Hooks'*  law  nay 
not  apply  laaedlately  bafor*  crushing. 
However,  Judging  by  the  coupler  nature 
of  concrete  failure  and  the  simplicity 
In  the  application  of  tha  concept  of  the 
crushing  coefficient,  the  elasticity 
aatuapt Ion  nay  represent  an  accap.abla 
flrtt  approxiaat. ion.  For  aore  accurate 
descriptions ,  the  original  dual  cri¬ 
terion,  l.o.  a  >  0  and  c  <  0,  nay  alto 
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be  used.  A  further  refinement  on  the 
concept  of  crushing  coefficient  will  be 
aade  In  the  subsequent  work. 


conblnlng  these  two  conditions  for 
cracking  and  cruahlng,  a  cruahlng  coei- 
f lclent  a  nay  be  defined 


coe  8 

such 

that 

1. 

pure  cracking 

mode , 

when  o  < 

11. 

pure  crushing 

aodi , 

When  a  > 

To  couplet*  the  constitutive  nodal 
for  tha  poat-fractore  behaviors  of  con¬ 
crete  corresponding  to  each  of  the 
failure  nodes,  w*  use  the  following  pos¬ 
sible  approaches  for  the  uatheuatlcal 
modeling. 

For  the  pore  crushing  tone,  the 
crushed  concrete  nay  be  viewed  to 
behavior  like  a  granular  material  under 
tha  conf laausnt  of  neighboring  materl- 
nle.  Material  etlffneea  In  compression 
or  sheer,  although  reduced,  should  still 
exist.  For  simplicity,  we  may  neglect 
the  residual  stiffness  sad  tha  rasldual 


atrangth  of  •  ciuahad  concrwtt  alanant 
coaplataly  In  ae  analysis.  A  aora 
raflnad  aodal  sap  conaldar  tha  orienta¬ 
tion  of  failura  plan**  and  uaa  a  par¬ 
tially  oallapaa  failura  aurfaca  la  tha 
fora  of  ao-tanaioa,  no-cohaaion  or  no- 
frlctloa  aodala  (Argyrla  it  al ,  1976). 
Thla  aapact  af  aodaling  la  not  con- 
aldarad  la  tha  praaaat  work. 

For  tha  put#  cracking  iota,  cha 
cuatouary  procadgraa  la  to  aaauaa  that 
f hi  crackad  costrata  raaalna  a  contln- 
uua,  l.a.  tha  eracka  ara  aaaarad  out  In 
a  coatlauoua  faohlun.  It  la  aaaunad 
that  tha  coacrata  bacoaaa  orthorroplc 
(or  aora  accurataly,  trantvartai y  1*&- 
troplc)  aftar  tha  flrat  cracking  hat 
occurred,  ona  of  tha  aatarl-1  axaa  balng 
oriaotad  aloof  tha  dlractloa  of  crack¬ 
ing.  Such  foraulatloaa  aaally  allow  for 
gradual  build-down  of  atraagth  la  tha 

dlractloa  of  tanalon  ( t  aaalon  a  1 1 f  f  a  n- 
lng).  Alao  ahaar-etiangth  raaarwaa  dua 
t°  aitraga  t a  latarlocklag  and  dowel 
ae  tloo  of  ralof orcaaaat  can  ba  account  ad 
for  £y  ratalolag  a  poaltlwa  ihaar 
aodulua.  Tha  coatlauoua  aodal  for 
cracklag  ha*  baao  uaad  In  aoat  of  tha 
computational  aodal*  for  coacrata  and  la 
charafora  adoptad  hat*  for  furthar 
dawalopmant.  An  aitaaaiv*  dlacuaalon  of 
tha  klnaaat lea  of  a  crackad  cooerat* 
a  1  an  at  haa  bawn  raportad  by  Chan  and 
Suaukl,  (1980). 
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abstract 


\o 


accurately  predict  the  retpona*  of 
a  concrete  structure  for  *  given  loading 
condition  aoma  knowledge  of  shear  strength 
and  compressibility  la  required.  Several 
studies  have  shovn  that  these  properties 
vary  as  concrete  cures  and  agest  there¬ 
fore,  the  response  of  a  concrete  structure 
changes  with  ties.  In  order  to  address 
this  problem,  Sandia  initiated  a  material 
test  program  to  study  the  curing  and  aging 
of  underground  concrete  structures.  Hate- 
rial  properties  vara  obtained  f row  cores 
taken  periodically  from  two  underground 
concrete  structures  constructed  at  the 
Sandia  Tonopah  Teat  Range,  Nevada.  Reaulta 
of  this  continuing  study  ere  preaenta_£. 


INTRODUCTION 

The  effect  of  curing  and  aging  on 
the  material  propertiea  of  concrete  is 
alvaya  a  deaign  consideration.  However, 
moat  research  in  this  area  is  driven  by 
construction  considerations  and,  normally, 
only  the  effects  of  these  factors  on  the 
uniaxial  compressive  strength  are  studied. 
The  effects  of  curing  and  aging  on  the 
response  of  concrete  atructuras  to  muni¬ 
tion  type  loadings  require  additional  con¬ 
siderations.  For  munition  type  loadings, 
the  multi-dimensional  reaponse  of  concrete 
ia  important.  Aleo,  concrete  structures 
are  cured  under  in  eitu  rather  then  labo¬ 
ratory  conditions.  Since  it  ia  difficult 
to  teat  large  structures,  it  ia  common  to 
teat  laboratory  cured  scale  model  etruc- 
tures  whit*  ere  only  several  months  old. 

To  accurately  apply  structural  response 
and  munition  ef fectivaneia  results  free 
these  modal*  to  the  prototype*  require* 
that  the  difference  between  the  multi- 
axial  properties  of  the  modal  and  the 
prototype  be  defined.  Therefore,  in  the 
interaction  of  munition*  with  concrete 
structures,  the  affect*  of  th*  variation 
in  curing  and  aging  on  th*  multiaxial 
propertiea  of  concrete  are  very  important. 


On*  of  th*  Boat  common  type*  of 
defense  structures  ia  th*  buried  concrete 
etruetur*  which  he*  been  used  in  many 
application*.  Depending  on  th*  geologic 
material  in  which  a  buried  structure  i» 
constructed,  th*  in  aitu  curing  condition* 
can  vary  from  dry  to  saturated  and  at 
other  than  optimal  curing  temperature*. 
Since  it  is  difficult  to  obtain  samples  or 
corea  from  buried  structures,  little  data 
i*  available  to  data  on  the  effect  of 
thee*  type*  of  in  eitu  curing  condition* 
on  concrete  properties. 

In  support  of  concrete  penetration 
programs,  Sandia  constructed  several 
buried  concrete  structure*  at  the  Tonopah 
Test  Range,  Nevada.  In  order  to  determine 
the  effect  of  in  eitu  curing  and  aging  on 
concrete  propertiee  for  these  structure*, 
Sandia  haa  periodically  cored  two  of  these 
structures.  With  this  test  program,  w* 
hoped  to  determine  the  rat#  at  which  thaee 
structure*  cure  and  the  maximum  strength* 
attained. 


TEST  PROGRAM 

Two  buried  atructurea  constructed  for 
concrete  penetration  studies  were  teatad 
in  this  program. 

Th#  firet  structure  (Structure  A) 
coneiate  of  several  layer*  of  heavily 
reinforced  concrete  slab*  which  were  two 
to  three  feet  thick  and  buried  from  aix 
to  27  feet  deep.  Th*  concrete  waa  nomi¬ 
nally  34  MPa  (5000  pei)  unconfinad  coo- 
preeaiv*  strength  at  28  day#  with  on#  inch 
maximise  sit*  aggregate .  The  second  struc¬ 
ture  (Structure  B)  is  eight  feet  thick, 
ten  feat  in  diameter,  non-reinforced,  end 
buried  eight  feet  deep.  Th#  concrete  was 
nominally  14  »*  (2000  pai)  unconfinad 
compreaaiv*  strength  at  28  day*  with  no 
coaraa  aggregate.  Structure  A  we*  con¬ 
structed  at  Antalop#  Dry  bake  and  Struc¬ 
ture  B  was  constructed  in  Pedro  Dry  Dak*. 
Th*  arterial  propertiea  of  th#  aoil  in 
both  of  thaee  dry  lake  bad*  down  through 
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the  levels  at  which  thee*  structures  v*  • 
built  are  listed  in  Table  I. 

All  Mterial  property  tests  were  con¬ 
ducted  by  Terra  Tel ,  Salt  Lake  City,  Utah, 
The  data  obtained  included  physical  prop¬ 
erties  (density,  porosity,  and  saturation) 
and  hydrostatic  and  triaxial  compression 
data  to  confining  pressures  of  400  NPa 
(58000  psi) .  Concrete  samples  were  taken 
as  each  structure  was  constructed,  These 
saaples  were  tested  at  the  tine  of  the 
first  penetration  test  into  each  structure 
which,  in  both  cases,  was  a  few  swaths 
after  construction.  After  construction, 
each  of  these  structures  was  cored  at 
approximately  two  year  Intervals  so  that 
material  properties  of  the  aging  concrete 
could  be  obtained.  Structure  A  waa  con¬ 
structed  in  1980  and  was  cored  in  1982, 
while  Structure  B  was  constructed  in  1979 
and  was  cored  in  1981  and  1983. 


Physical  Property  Oats 

A  aunmary  of  the  physical  property 
data  for  the  concrete  in  these  two  struc¬ 
tures  is  presented  in  Table  II.  Included 
in  this  table  are  the  eve rage  density, 
porosity,  and  saturation  of  each  ooacrat* 

■ ample  at  each  time  Interval.  An  examina¬ 
tion  of  theaa  properties  indicates  that 
density  and  porosity  vary  slightly  from 
sample  to  staple  in  each  structure.  These 
data  also  indicate  that  the  saturation  of 
the  concrete  has  decreased  with  time  for 
both  structure* . 


Hydrostatic  and  Triaxial  C oppression  Data 

Figures  1  and  2  show  the  results  of 
the  triaxial  and  hydrostatic  compression 
data  for  the  concrete  in  Structure  A.  The 
triaxial  compression  data  indicate  that 
the  triaxial  strength  of  the  concrete  in¬ 
creased  dramatically  over  a  34  month 
period.  The  hydrostatic  compression  data 
indicate  that  the  compressibility  of  the 
concrete  had  increased  slightly  over  the 
same  24  month  period.  These  results  are 
indicative  of  a  material  that  obeys  the 
effective  stress  theory  and  has  a  de¬ 
crease  in  saturation . 

Figures  3  and  4  show  the  results  of 
the  triaxial  and  hydrostatic  compression 
data  for  the  concrete  in  Structure  B. 

The  triaxial  compression  data  indicate 
that  the  triaxial  strength  of  the  grout 
increased  dramatically  over  a  24  math 
period)  however,  triaxial  strength  de¬ 
creased  slightly  over  the  24  to  48  month 
period.  The  hydrostatic  compression  data 
indicate'  that  compressibility  of  the  grout 
increased  continuously  over  the  same  4C 
month  period.  The  results  up  to  the 


24  month  age  of  this  grout  alao  are 
indicative  of  a  material  that  obeys 
the  effective  stress  theory  and  has  a 
decrease  in  saturation  over  this  period. 
The  physical  properties  of  ths  grout  is 
Structure  8  show  that  the  saturation  of 
the  grout  did  not  change  from  the  24  to 
48  month  period.  This  could  explain  why 
there  is  little  difference  in  the  triaxial 
caspression  data  over  this  period.  The 
grout  probably  did  not  oontlnus  to  de¬ 
crease  in  saturation  since  it  had  already 
reached  the  saturation  level  of  the  sur¬ 
rounding  soil. 

In  order  to  compare  the  hydrostatic  -■ 
and  triaxial  compression  data  of  the  con-' 
cretas  in  Structures  A  and  B.  the  data 
ia  normalised  sad  presented  in  Figure* 

5  and  8.  In  Figure  S,  the  triaxial  com¬ 
pression  data  from  Figures  1  and  3  are 
normalised  by  ths  design  unconfined 
compressive  strength  at  28  daya,  fa,  of 
ths  oanorsts  in  each  structure.  The 
normalised  data  show  that  the  strengths 
of  eaoh  oonorets  at  each  age  are  similar, 
which  indicates  that  the  rates  of  ouring 
of  these  buried  structures  are  similar. 
This  might  be  expected  since  them  two 
structures  were  constructed  near  the  same 
location  at  similar  depths  in  soil  with 
similar  saturation.  In  Figure  8.  the 
hydrostatic  compression  data  from  Figures 
2  and  4  have  been  normalised  by  the 
design  unconfined  ccsgtreasive  strength 
at  28  daya  and  the  average  porosity  of 
the  concrete  in  each  respective  structure. 
The  data  plotted  ia  this  form  shew* 
volumetric  a train  increases  nearly  bi¬ 
ll  naarly  with  confining  pressure  with  the 
slopes  of  the  two  linear  portions  nearly 
constant  in  all  cases.  The  transition 
occur*  near  the  point  at  which  the  air 
void*  are  eliminated  and  the  saaples 
beacon  saturated.  These  data  show  that 
tha  ratea  of  change  of  the  hydrostatic 
compression  of  these  ooncretaa  are 
similar. 

Conclusion* 

Basalts  indicate  that  theae  concretes 
obey  the  effective  stress  theory  and  that 
the  saturation  of  ths  concrete  strongly 
influenced  triaxial  strength  and  com¬ 
pressibility.  Tha  data  also  show  the 
saturation  of  the  concrete  slowly  de¬ 
creases  to  the  saturation  level  of  the 
surrounding  medium  for  buried  structures. 
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TA BLS  I.  Naar  aurf  aoa  toil  prepartia*  of 
Antaiope  and  Padro  Dry  l-akaa. 
Wncpah  fait  Raniya ,  Havada. 
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FIGURE  5.  Nocaallnd  triastial  com¬ 
pilation  data  for  Structures 
A  and  B 


FIGURE  8.  Normalised  hydrostatic  com¬ 
pression  data  for  Structures 
A  and  B 
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Tn  this  paper,  the  criteria  of  strength  for 
sow  anisotropic  •torlol*  art  investigated.  The 
existence  of  *  strength  function,  which  Is  a 
function  of  invariants  of  «  stress  tensor,  It 
assueed.  The  Invariants  for  Mch  dots  of 
anlsotroptc  eaterial S  ir*  obtained. 

IHTRCOUCTION  ’• 

for  the  purpose  of  eaterial  charecterlmion 
and  design,  a  rational  siwplt  strength  crltarlon 
for  composites  Is  essential  and  l^ortent.  As 
pointed  out  by  Tsai  and  Wu  [1],  the  majority  of 
proposed  criteria  art  llwltwd  In  their  ability  to 
include  the  correlating  strass  af facts.  In  order 
to  remove  sued  a  limitation,  ftol'denblat  and 
topnov  [I]  proposed  a  new  crltarlon  of  strength  for 
anisotropic  wterlals.  They  investigated  ex¬ 
plicitly  tha  fom  of  strength  crltarlon  for  ortho¬ 
tropic  materials,  !"  particular,  thay  verified 
thalr  rasuHs  for  glass-ralnforcad  plastics 
experimental  1/  and  showed  tha  suitability  of  tha 
proposad  crltarlon  of  strangth  for  practical  usaga. 
In  this  ptpar,  tha  crltarla  of  strangth  for  som 
anisotropic  aatarlals  ara  Investigated,  We  assume 
tha  existence  of  a  strangth  function  [3]  which  Is 
a  function  of  Invariants  of  a  strass  tansor.  Tha 
Invariants  for  aaeh  class  of  anisotropic  aatarlals 
ara  obtained.  Consequently,  the  strangth  functions 
proposad  by  Tsai  and  Wu  [lj  for  trie! 1n(c  and 
rhoablc  (orthotropic)  aatarlals,  by  Gol'danblat  and 
Ropnov  [?]  for  rhoablc,  and  by  Hill  [A]  for 
orthotropic  aatarlals  can  be  obtained  readily  froa 
tha  appropriate  Invariants  given  in  this  paper. 

Strangth  Criteria  for  Anisotropic  Hatarlals 

Consider  a  strength  function  [3] 

F^j)  •  0  (1) 

which  is  required  to  ba  invariant  under  a  group  of 
transformations  ft,,),  characterising  tha  aatarlal 
anisotropy,  l.e.,  J 

FiOjj)  ■  F(o^j) 

and  •  tjatjrsow  (?) 


Invariants  for  each  system  of  anisotropic 
aatarlals  ara  ohtatned  In  the  followings  by  using 
Eq.  (*).  [4,53-  The  contracted  notation  Is  usad, 

(Ojj.  S„,  Ojj,  Ojj  •  Oy,  Ojj  -  o31,  o12  •  o2,)  • 

( 0 1 ,  o*  a»,  «* )  ■ 


Plnacoldal 


For  crystals  having  trlcllnlc  vyametry,  thara 
ts  no  restriction  on  tha  orientation  of  tha  pre¬ 
ferred  direction;  any  rectangular  coordinate  System 
can  ba  usad  as  a  reference  frame .  Thus,  tha 
Invariant  ( I  - )  for  both  classas  are 


1, (1);  o,.  or  oy  ot.  sj,  o6  . 

2.  Rhoablc  System 
Rhombic-pyramidal  I.Aj.Rj.Oj 
Rhomblc-dlsphenoldal  I.O^.Dj.Dj 
Rhomblc-dlpyremtdal  I  .C.Rj.Rj.Rj.Dj  ,Dj ,03 


(2).  - 


°i'  °5>  °6 


i/3^;  °*',5<J6 


It  Is  supposed  that  tha  aatarlal  1$  trans¬ 
versely  Isotropic  with  respect  to  ah  axis  x,.  Thus, 
the  transformations  charectarljlng  transverse 
Isotropy  are  I  and 

V*i  *  ,Mi  "  *  *j|for  all  values 


dC 


Therefore,  the  Invariants  ere 


f  (2) 

,(3), 


9j.  C,  ♦  Oj  1 


°1°2 


F  ■  -F13,  G  •  -Fjj 

2M  •  Fm,  2M  -  F„ 

(1,) 

Fjj  •  6  ♦  H,  Fti  • 

(S) 

12' 


44* 


(3), 


When  the  tanas  of  degree  thro*  (I:  7)  for  f 
are  «a1«»d,  the  results  (Eq.  (3),  (4),  (&))  yield 
the  fonw  of  the  quadratic  strength  function.  In 
particular,  the  strength  function  for  «n  ortho  tropic 
ataterlal  c«n  be  written  readily  fro  a  Eq.  (4)  with 
the  ,{3)  oeltUd.  Thl a  Is 

*  4 


‘1 


<F1°1  *  f2c2  ♦  F3j3>  ♦  <FU*1 


o,  ♦  F??Oj  ♦  Fj3«3 


*  2F12°la2  *.  2F23°2°3 

3. 

r  ZFjjOjOj  ♦  ♦ 

4. 

+  F5S°S  ♦  F«6‘S>‘  *  1 

(6) 

This  Niult  can  ba  reduced  to  tha  ratult  In  the  Aef. 
Cl]  by  taking  a  ■  t  «  I,  and  In  tha  Mef.  [2]  by 
taking  a  •  1  and  8  -  Vt.  Furthermore,  If  tha 
absence  of  a  Bautchlnger  a f fact  It  attuwd  and  tha 
■atari. si  constants  a  and  t  ara  taken  to  ba  unity. 

Eq.  {6}  yields  tha  Mill  criterion  [6]; 

F(oj  -  0j)2  ♦  -  Oj)2  +  H(oj  -  03)*  ♦  2lo2 
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♦  2Nof  +  2Hai 


(7) 


where  th*  coaffldants  of  tha  strength  function  are 
defined  as; 
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'  :  ABSTRACT 

"^h*  constitutive  perpertle*  of  It**!  fiber 
reinforced  concrete  (FtC)  «rt  being  studied 
experiments!  ly  In  t  unique  fluid  cushion  Hitt- 
exit!  cubic*!  Uit  e*11  at  th*  lint  v*r*i  ty  of 
Colorado.  I*  tho  first  phase  of  th*  program,  th* 
behavior  of  FtC  was  tested  sMtr  threo-dlmsnslonal 
compressive  loading.  The  strength  and  stress- 
strain  properties  ara  analysed  by  using  const! tu- 
tlaa  models  sveliebl*  In  th*  lttaratur*.  In  th* 
sac era  phase,  a  modification  to  th*  existing  tost 
apparatus  was  made  for  testing  cubical  1  pact  nans 
undar  dlrtct  tans  ton  loadlnf.  Th*  modification 
consists  of  brushes  with  Individual  bristles  glued 
to  th»  specimen.  In  this  p«p*r,  rtsults  ara  shown 
f row  th*  biaxial  tension-compression  test  program 
to  dxmonstrat#  the  strength  Interaction^ 

'f 

IUTPOCWCTIOW 

Th*  addition  of  fibers  to  cementitious  mater¬ 
ials  Improves  eery  of  th*  *ng1n**r1ng  properties 
by  providing  for  a  different  deformation  and  fail¬ 
ure  mechanism  fro*  that  of  th*  plain  matrix  malar¬ 
ial .  Although  a  significant  amount  of  research 
has  been  carried  out  on  steel  fiber  reinforced 
concrete  (F*CJ  In  th*  past  two  decades,  there  Is 
still  a  considerable  void  In  the  knowledge  of  the 
strength  and  stress-strain  behavior  of  F*C  under 
c<n^1«x  states  of  stress.  This  stems  mainly  from 
a  lack  of  suitable  equipment  for  applying  eultl- 
dimensional  stress  and.  In  particular,  for  simul¬ 
taneously  applying  combinations  of  tension  and 
compression.  Thus,  most  FKt  applications  to- data 
have  been  Halted  to  situations  «rf*ere  th*  predom¬ 
inant  stress  condition  can  be  simulated  In  th* 
laboratory,  *.g.,  flexural  loading  In  bridge  deck 
overlays,  highway  and  airfield  pavements.  It 
appears  that  the  laproved  properties  of  FK  over 
plain  Portland  cement  concrete  were  alto  desirable 
In  many  ether  applications,  but  wider  applications 
of  F8C  could  only  be  brought  about  If  a  better 
understanding  of  Its  engineering  properties  undtr 
co^lax  stress  states  It  available. 

A  research  program,  sponsored  by  th*  Air 
Force  Office  of  Scientific  Research  hss  been 
underway  at  the  university  of  Colored*  at  be* Iter 
for  the  past  few  years  to  examine  th*  strength  and 
behavior  of  steel  fiber  reinforced  concrete  sub¬ 
jected  to  both  three-dimensional  compressive  load¬ 


ing  end  biaxial  tenslon-cotereatlon  loading.  In 
this  paper,  the  results  of  the  test  p-ogram  are 
presented. 

material 

Fro*  i  preliminary  test  series  in  which 
several  type*  of  steel  fibers  were  used  In  con¬ 
junction  with  on*  common  plain  concrete  mix, 

E#f1ng  1 1 j  selected  for  the  test  program  th* 

Orimii  JO/TM  fibers  menufsetured  by  betters  Steel 
Wire  Corp.  Thet*  fiber*  are  stHlght,  round  wires 
with  patented  hooted  endi  to  Increase  their  resis¬ 
tance  to  pullout.  Th*  wires,  JO  m  In  length  and 
O.S  a*  In  diameter,  ire  available  In  collated 
clips,  held  together  by  a  water  soluble  glue.  The 
glue  dissolves  within  une  minute  after  th*  clips 
ere  added  to  th*  plain  concrete,  allowing  disper¬ 
sion  of  the  Individual  fibers.  A  volume  fraction 
of  0,4  percent  was  used  In  the  nixing  nf  t*a  ype. 
This  value  may  appear  low  In  cswparlton  with  theta 
used  for  straight  flbors  without  bent  ends.  How¬ 
ever,  It  was  selected  on  th*  bests  of  manufac¬ 
turer's  claim  of  the  higher  pul  ’wit  resistance 
afforded  by  the  deformed  fibers.  With  this  volume 
fraction,  no  boiling  or  segregation  of  lb*  fibers 
wet  observed  during  nixing  and  good  workiblllty 
wot  obtained. 

Th*  plstn  concrete  nix  design  consisted  of 
th*  following  peramtUrs: 

weter/cement  ratio  •  0.5 

cement  content  •  170  lb/cu  yd 

maxinun  site  of  coarsa  aggregate  ■  378  In 

fineness  modulus  -  1.5 

percent  of  fin*  aggregate  •  531  of  total 

aggro gat* 

This  pleln  concrete  mix  has  a  uniaxial  com¬ 
pressive  strength  of  1,900  psl,  while  the  FRC 
obtained  by  adding  fibers  at  0.6  percent  by  volume 
hat  a  strength  of  9,150  psl. 

TEST  EQUIPMENT  AM)  PROCEDURE 

The  msltUxlal  cubical  test  call  developed 
for  comp restive  testing  of  concrete,  rocks  and 
composite  materials  (to  and  Star*  [2j|  inn  used 
for  th*  test  program  on  FRC.  fo'  th*  combined 
tension-compression  testing,  *  new  iddttlon  to  the 
test  cell  ms  Mte.  The  equipment  Is  briefly 
described  in  th*  following. 


The  tost  call  consists  of  a  rigid  trams  onto 
which  art  mounted  sis  Mill.  Tho  fraaa  hei  three 
orthogonal  square  Kolas  aachlned  through  It  at 
thou*  in  Figure  Tha  latoractlen  of  tKata 
Kolas  fora  a  cjbleel  cavity  In  tKc  cantor  of  the 
fraaa,  within  which  tha  4  In.  cubical  last 
specimen  reside*.  TK*  sit  squara  openings  In  tha 
freon,  together  with  tin  adjoining  mMi,  act  at 
pressure  charters.  tach  face  of  tha  test  spaclann 
becems  tha  Interior  Mil  tf  one  charter.  A  fluid 
cushion  system  It  established  1i.  tech  charter 
through  the  use  of  a  flexible  polyurethane  mem- 
brena  attached  to  the  Inside  fK*  of  each  Mil. 
This  nertrene,  which  fits  Into  the  tmare  opening 
in  tha  tram,  retains  tha  hydraulic  field  peeped 
Into  the  charter.  The  fluid  pressure  generated 
ulthln  the  eartrane  Is  resisted  by  tha  specimen 
and  exterior  veil.  A  typical  well  astertly  with 
the  f  <1d  cushion  Is  else  shown  in  figure  1. 

On  the  Interior  face  of  each  well  and  within 
the  fluid  cushion  spite*  It  moated  a  set  of  three 
pros  laity  transducers,  mnufactured  by  hartley 
Nevada  Carp.,  for  detecting  the  mrnmnt  of  brass 
targets  glued  to  the  surface  of  the  test  sped- 
aen.  The  pressurising  eadlu*  In  the  fluid 
cushions  Is  silicon  fluid,  chose*  for  1..  Inert 
properties  and  noninterference  with  the  perfora- 
ance  of  the  proelwlty  probes.  The  pressures  to 
the  three  pairs  of  opposite  fluid  cushions  ire 
generated  by  three  hand  pwps,  end  the  plurtlng  It 
arranged  In  such  «  way  that  each  pump  can  to  used 
to  deliver  the  pressure  to  one,  two  or  all  axes  In 
the  test  coll.  The  design  capacity  of  the  systm 
is  25,000  rsl. 

The  fluid  cushion  leading  system  employed  In 
tha  test  device  has  been  shown  to  provide  the 
least  boundary  constraint  on  the  test  speclmn, 
and  to  have  distinct  advantages  over  other  mthods 
of  load  application  (e.g.  rigid  pletens  with  or 
without  lubrication)  In  tha  tasting  of  concrete 
enteritis  13. AJ.  In  assence,  the  app’lcatlon  cf  a 
known,  uni  for*  noral  coopresjtve  stress  through 
the  flexible  mrtrane  In  the  fluid  cushion  lystea 
ensures  coeplete  control  of  the  epplfed  three* 
dimension*'  stress  state.  In  addition,  since  the 
speclmn  Is  unrestrained  by  the  fluid  cushions, 
the  node  of  deformation  end  failure  in  the  test 
speclmn  Is  uninhibited  by  the  test  aqulpmnt. 
Thus,  the  response  m* lured  In  testing  with  this 
aqulpmnt  reflects  the  true  *eter1al  property. 

The  systm  described  above  has  been  used  In 
the  constitutive  characterisation  of  mqy  concrete 
and  root  materials  under  arbitrary,  cadres  si  *e 
loading.  To  accomodate  the  needs  of  the  c  rrent 
project  on  FKC,  an  additional  feature  ms  Install¬ 
ed  to  provide  the  capability  of  tension  testing  In 
one  exit,  haler  ISJ.  The  tension  loading  device 
adopted  utilises  a  pair  of  brush  platens  glued  to 
the  opposite  surfaces  of  the  test  cubs  for  apply¬ 
ing  the  tension  load.  Ona  half  of  tbs  tension 
loading  device  Is  shorn  schematically  In  relation 
to  Its  minting  on  tha  fraaa  In  the  cubical  test 
cell  In  Figure  2. 


tach  brush  platen  Is  mde  of  22S  alualMi 
brlstlet,  arranged  In  a  severe  pattern  and  keyed 
Into  a i  aiuaima  anchoring  block.  This  block  Is 
connected  to  •  double  acting  hydraulic  cylinder 
through  a  spherical  teat  assart ly  battened  to 
accomodate  rotation  and  translation  of  tha  test 
cubs,  and  to  min  tain  concentricity  of  the  applied 
tension  force. 

The  tension  generated  by  the  hydraulic 
cylinder  to  pull  on  the  bruin  platen  Is  resisted 
by  s  pair  of  stand-offs  men  tod  on  the  cubical 
cell  from.  The  speclmn  deforatton  In  the 
direction  of  the  applied  tensile  stress  It  matur¬ 
ed  by  proilelty  transducers  that  mnltar  the  mve- 
mnt  of  targets  mounted  on  tbs  brush  block. 

The  brushes  are  glued  to  the  Fib;  test  spact- 
mn  by  weans  of  a  ciwmrtlal  structural  concrete 
epoxy  (Stkadur  21  Hi-Mod  6e1).  The  gaps  between 
brlstlet  in  s  brush  platen  are  filled  with  a  sill- 
corn  rubber  Material  to  prevent  penetration  of  the 
epoxy.  The  rubber  1s  soft  enough  to  at  not  to 
restrain  the  lateral  mvemnt  of  the  brlstlet. 
After  each  test,  the  brushes  are  cleaned  by  sand- 
blattlng  the  tips  of  tto  bristles  In  order  to  pre¬ 
pare  a  claan  surface  for  the  epoxy  bonding  for  the 
following  tost'..  The  epoxy  develops  1U  full 
strength  In  24  hours. 

Oita  acquisition  In  the  test  ays  to®  It 
hend'ed  by  s  multiplex  scanner  controlled  by  a  HP 
9630  calculator.  The  output  signals  fro*  the  IS 
proxlnttor  transducers  ere  scanned  end  sent  In 
digital  for*  to  the  calculator  Mich  then  computas 
the  changes  fra  the  Initial  conditions.  The 
speclmn  deformations  ere  then  comuted  by  refer¬ 
ence  to  i  ciillbretlen  curve.  It  Is  necessary  to 
allow  for  the  flexibility  of  the  tost  systm  which 
It  not  negligible  In  comparison  to  tha  deforma¬ 
tions  of  tho  F»C  tost  specimen.  The  systm  It 
calibrated  by  testing  a  dim*  aluminum  cube  of 
known  properties. 

TEST  PtOSPAN 

Two  phasos  of  tho  test  program  have  been 
completed,  as  da  scribed  in  the  following. 

In  Phase  1,  three-dimensional  compressive 
loadings  Mr*  applied  along  the  stress  paths  as 
shown  In  Figure  3.  These  stress  paths  consisted 
of  Hydrostatic  (Isotropic  comresslon)  loading  to 
tha  selected  man  stress  level  of  4,  6  or  8  ksl, 
followed  by  dev 1* toH c  (pure  shear)  loading  in 
that  dtvlatorlc  plane  In  the  direction  of  trl axial 
comresslon  (TC:  0(  *  o, ),  trl  axial  extension 

<Tt:  oi  ■  0}>o«),  or  single  shear  (SS:  »,>8i>oi,oj 
•  constant),  wring  tha  hwittorlc  leading,  the 
man  stress,  1/3  (ol  ♦  oj  ♦  o, ),  remined 
constant.  For  each  test  path,  several  repUcete 
experiments  were  performed. 

In  Phase  2,  biaxial  tests  Mrs  performed 
along  the  stress  paths  as  shown  In  Figure  4. 

Thar*  wore  two  groups  of  biaxial  tests  In  this 
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W*s*.  first  grto*  CWIIIU4  #f  btaxlil  CO*X- 

J'tUlW  itt It  *1  th  pr*po-tt*n*1  1o«d1ng  »* th  th* 
llresa  rulitt/t,  *e*»l  to  0/1,  1/10,  1/3,  t/i, 

N  1/3,  white  *,  reewln*d  «t  I*  re.  TV*  first 
ltr«it  rn rt i»» 1 1  unltilal  co^resslon, 

uhllp  the  last  r«»r«M«u  CM|r«i- 

ti*n.  Th*  i*cm<  frw»  »f  bUxIal  tests  cgnsisted 
of  coil’M  unlHK»»f»i»l«ri  tea*!  ng,  with  the 
cowprem  v*  ttr«»  flrtt  applied,  to  bd  follow** 
by  until*  Im<1«4  In  t  tfttmrw  *1  recti  on.  TV* 
caggretsiv#  ytlMflM  mi  taben  to  0.1,  0.1,  0.4, 
0.$,  0.41,  0.1  and  0.8*  of  tht  WACOnflned  CMSpres- 
llr*  strength,  Of  count,  direct  tension  loading 
•Ithowt  try  ceaprejsiv*  preload!  ng  Mi  «ly* 
*^lQ7*« 

TV*  objectives  of  tv*  *MM  1  toll  grograu 
0»r*  to  obtain  both  tV*  Strength  IV*  tv*  bohavlor 
of  tv*  TIC  under  osilttsitsl  coaprotilv*  loading 
for  constitutive  modeling.  Slhller  utt  programs 
V***  previously  been  conducted  on  olein  control* 

13, 4 J ,  to  that  tV*  now  results  on  f*C  could  be 
titfltH  end  compared  with  existing  data,  d»tpH* 
tV*  difference  In  Mtorltlt.  In  Uit  hnu  t  prog¬ 
ram,  attention  was  focused  on  obtaining  tV*  bt - 
•>t«l  failure  envelop*  and  on  tvo  *ffocti  of 
coobi r&i  loadlno  on  tV*  until*  ttrength  of  HK . 

USW.TS 

Phase  1 

Typical  stress-strtln  curves  obtain**  fro* 
fV*t*  1  ar#  shown  In  Figure  5  where  IV*  najor 
principal  stress  normalised  with  respect  to  tv* 
■aan  ll'tu  It  plotted  ironui  tVo  principal 
ttrolnt  In  tV*  i,  jr  and  i  dtrctlont,  and  Um 
volumetric  strain  c,.  TV*  ftnt  portion  In  each 
Urott-ttratf!  Curve  represents  tV*  hydrostatic 
loading  to  tV*  ratio  of  oi/og,  *  1,  where  In  tV* 
cat*  shown  oge  -  8  til.  TV*  thro*  principal 
Ural ns  showed  alaost  agual  asgnltudes  und*r  hyd- 
rottatic  loading,  Indicating  an  Isotropic  *ator- 
1  a l .  However,  any  tssuoptton  regarding  Itotropy 
•wet  be  baud  on  sort  extensive  Investigation  In 
•Men  different  directional  loading  art  utod. 

TV*  behevlor  tVoun  for  tM  Tt  utt  patv  In 
Figure  5  it  typical  of  all  dpvletorlc  loadings 
used  <n  Tvat*  1.  At  point  A  Identified  on  tv* 

»o) vaaocric  ttraln  cur**,  volume  dilation  began  to 
occur.  TMt  point,  tOMtlamt  retei.ed  to  at  t V* 
point  of  dltcontl nglty,  Vat  boon  UUn  to  repre- 
sant  tv*  condition  under  which  uncontrolled  erect 
9  row  tV  would  dev*  lop,  eventually  leading  to  physl- 
ca!  failure  of  tv*  t**ct**n  If  tuff1c1*nt  tlew  It 
allowed.  Under  normal  totting  coaedltlont,  wlaor* 
to*  rat*  of  loading  It  fast  in  coaparlton  to  tv# 
tract  growth  rat*,  continued  Incroai*  In  tv* 
tppilod  lp«d  l*4di  to  pVytUal  fallur*  at  a  i*v*l 
1 5-20  percent  above  tVa  point  of  discontinuity. 

In  Wase  1  of  Oils  Investigation,  tVe  polntt 
of  discontinuity  obtained  undvr  different  stress 
Paths  *»>»  platted  in  principal  stress  space  to 
dofln*  a  f  llur*  envelop*.  Two  different  croti- 
iKtlons  of  Otis  envelop*  ar*  mown  in  in*  devla- 
torlc  plan#  In  Figure  i  and  In  tV*  Mndultc  (trl- 


ailall  plan*  In  Flour*  7.  TVrot  salt  of  data  ar* 
plottod  In  Flour*  *,  from  tV*  totto  tat  the  4  * 
and  •  til  dtvlatorlc  planet,  respectively  In 
addition  to  tvo  laboratory  toit  data,  'loom  ( 
and  7  alto  tVow  tV*  feller*  envelope  predicted  by 
tv*  Will  am- bared*  theory (  «vtcV  wet  obtained  In 
the  following  oonnor. 

A  theory  cowee* ’y  utod  In  representing  tv* 
fallur*  condition*  of  concrete  under  Mlttaxlal 
ttrett  tutei  hot  been  proposed  by  tfl  1  )*a>  and 
Mamka  l(j,  which  prescribe*  a  conical  surface  in 
principal  stress  spec*  with  curved,  parabolic 
atrldlans  ami  a  devlatortc  cross-section  that  has 
an  elliptical  variation  between  the  estr*w»s  of  T; 
end  Tt  conditions  ultvtn  a  typical  10*  sector. 

TV#  theory  conulning  five  peroaeten  ts  usually 
calibrated  with  Input  Information  fro*  (1)  uni¬ 
axial  coaprtstlvo  ttrength,  (})  egut-blaiial  co»- 
prtatlve  strength,  (31  unlexiel  tensile  strength, 
(41  shear  strength  In  TC  tt  high  coopretslvt 
stress  level  and  (5)  shear  strength  In  Tt  tt  high 
stress  level.  In  Was*  1  of  the  present  test 
oregreo,  only  shear  strength  data  along  Tt.  Tt  end 
SS  peths  wore  available.  Using  Tt  and  Tt  data  in 
the  three  dtvtetorlc  planet  the  Ulllaor-Wnmta 
nodal  was  callhratod  (Egging.  UJ).  The  psroowter 
valuot  ohtalnuv  f roe  the  calibration  are  shown  In 
Figures  i  and  7.  It  can  be  seen  that  reasonable 
representation  of  the  tost  data  Is  obtained.  TVe 
conge rl son  along  the  SS  tost  path  provl  let  a 
neatv'e  of  th*  accuracy  of  thlt  uodtl. 

T>#  strength  data  fren  Was*  1  were  else  used 
H  fit  the  nodel  proposed  by  lad*  17J,  while  th* 
st~s»s-str«1n  data  were  fitted  to  the  fomulatlon 
prupostd  by  Cerstl*  IBJ.  Whlla  reasonablt  succsts 
w5t  obtained  In  both  efforts,  the  reader  is 
r*f*rred  to  Egging  UJ  for  further  details. 

Was*  l 

TV*  strength  result!  fron  th*  Was*  I  toll 
prograu  ire  shown  In  Figures  8  and  4.  The  data 
points  In  that*  figures  represent  th*  stress 
states  at  which  physical  failure  occurred.  In  the 
tonsioe-compresslon  teats,  eolune  dilation  occurr¬ 
ed  throughout  th*  tonsil*  portion  of  oech  stress 
path,  which  precludes  th*  us*  of  th*  point  of  dis¬ 
continuity  as  *  definition  of  ftllur*. 

In  Figure  4,  th*  lens  Ion -congress  ton  results 
»r*  thewn  nor»*11i*d  with  respect  to  both  the  unl- 
•  x1«l  c ot*f rs 1 1 1  w  end  temll*  strengths  In  erd*r 
to  thou  th*  treed  in  th*  strength  behavior  nor* 
clearly.  Tht  nett  significant  feature  in  Figure  9 
It  th*  well-defined  Inflection  point  In  th* 
ttrength  envelop*.  Althou^i  «n  Inflection  point 
has  been  seen  In  past  investigations  on  plain  con- 
c  eto  i.9 , 10 J,  th*  rata  of  chartg*  in  slog*  in  Fig¬ 
ure  4  is  significantly  greater  than  has  f  on  seen 
previously.  An  explanation  for  this  Is  «  >#n 
next. 

In  direct  tension,  failure  of  th*  FK  was  the 
result  of  th*  fibers  pulling  out  of  th*  concrete 
Mtrlx  shortly  xftor  the  Mtrlx  failed.  As  t 


result,  the  tensile  strength  of  the  FRC  was  only 
ten  percent  greeter  than  that  of  an  Identical  mix 
of  plain  concrete.  The  application  of  a  saall 
transverse  cosqjre.' ilve  stress,  while  doing  little 
damage  to  the  concrete  matrix,  Increases  the  resi¬ 
stance  of  the  fibers  to  pullout  by  providing  a 
clamping  force.  Therefore,  at  stress  levels  less 
than  approximately  40  percent  of  the  uniaxial  com- 
i/  ’sslve  strength,  the  decrease  In  strength  norm¬ 
ally  seen  in  plain  concrete  Is  offset  by  the  1n- 
cr-  '  *  resistance  to  pullout.  In  comparison,  at 
0..  ,>e  uniaxial  compressive  strength,  the 

plain  concrete  strength  was  25  percent  less  than 
in  uniaxial  tension.  At  compressive  stress  levels 
above  0.4,  however,  crack  propagation  Is  Initiated 
under  the  Influence  of  the  compressive  stress. 
Pre-existing  flaws  at  the  fiber-matrix  Interface 
will  begin  to  extend  and  the  pullout  resistance  Is 
quickly  lost,  resulting  In  a  sharp  drop  In 
strength  which  tends  toward  the  strength  of  the 
plain  concrete  as  the  compressive  stress  level  is 
Increased. 

In  su*Mry,  the  strength  benefits  afforded  by 
the  addition  of  the  fiber  reinforcing  are  greatest 
In  biaxial  tension-compression  situations  where 
the  compressive  stress  Is  saall  In  comparison  to 
the  uni oxl al  compressive  strength. 
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PROXIMITORS 
AND  BASS 


Fig.  I.  Exploded  View  of  Test  Cell 


Fig.  2.  Tensile  Loading  Apparatus 
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Fig.  6.  Failure  Data  In  Devlatorlc  Plane 
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Fig.  7.  Failure  Data  In  Rendullc  Plane 


Fig.  9.  Failure  Data  in  Combined  Tenaion-Coepreaaion 
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ABSTRACT 

''V 

A  viscoplasticity  theory  is  described  in  terms 
of  the  meazi  pressure  and  a  new  third  invariant  which 
involves  i  shifted  stress  tensor.  The  flow  rule  is 
nonassocl ated  with  respect  to  the  pressure.  Illus¬ 
trative  results  for  Unit  states  and  stress  paths 
are  given  for  a  variety  of  frictional  materials. 

i 

INTRODUCTION  1 

The  conventional  theory  of  plasticity  has  a  long 
history  of  successful  use  in  applications  involving 
metals.  The  theory  is  well-founded  on  a  physical 
and  a  mathematical  basis  with  maerous  applications 
to  engineering  problem  through  the  use  of  computer 
progrmas.  This  wealth  of  experience  and  familiarity 
has  led  to  maerous  attempts  to  apply  the  theory  to 
frictional  eaterials  such  as  concrete,  rock,  soils. 
Ice.  and  snow.  Althouqh  there  is  no  fundamental 
reason  why  the  theory  of  plasticity  should  be 
appropriate  for  these  meterla’s,  there  are  now 
several  formulations  that  previde  correct  behavioral 
characteristics.  Unfortunately  many  of  these  rela¬ 
tions  are  so  complicated  that  their  use  is  limited 
to  the  simplest  engineering  applications.  This  pre¬ 
sentation  is  the  result  of  an  attempt  to  formulate  a 
model  that  captures  essential  response  characteris¬ 
tics  without  recourse  to  a  large  number  af  parma- 
eters  or  special  conditions.  The  Introduction  of  a 
new  third  invariant  leads  to  a  plasticity  theory 
that  appears  to  be  natural  for  frictional  materials 
In  the  same  sense  that  the  von  Rises  fonmjlation 
works  so  well  for  a  wide  class  of  metals. 


LIMIT  SURFACES 

Limit  surfaces  for  frictional  materials  depend 
on  the  first  Invariant  of  stress,  or  mean  pressure, 
and  on  a  measure  of  shear  which  can  be  expressed 
through  the  second  and  third  invariants  of  stress. 
The  conventional  approach  has  been  to  express  a 
limit  surface  in  terms  of  the  mean  pressure  and  the 
second  invariant  of  the  stress  deviator 


p  .  .  I_  tr  fl  jj  ■  tr  (cV  (1) 

with  modif ications  provided  by  Incorporating  a 
third  Invariant  as  dictated  by  experimental  observa¬ 
tions.  Lade  end  Duncan  [1]  and  Lada  [2]  have  shown 
if  a  particular  form  of  the  third  invariant  is  used, 
the  second  invariant  is  not  required  in  the  expres¬ 
sion  for  a  limit  surface  for  *t  least  particular 
classes  of  soils  and  concrete.  A  modification  of 
their  approach  is  proposed  to  util  tie  this  feature, 
which  may  hold  for  all  frictional  materials. 

With  the  use  of  a  shift  in  stress,  a^,  a 
convenient  definition  for  a  third  invariant  is 

L  •  -  [det  (a  -  a,)  *  det  (aj]1/3  (2) 

tn  which  the  second  term  in  the  brackets  is 
Included  to  make  L  equal  to  zero  for  a  state  of 
zero  stress.  Analogous  to  the  square  root  that  is 
often  used  with  the  second  invariant,  a  cube  root 
is  Introduced  to  provide  the  dimension  of  stress. 

A  limit  point  is  the  point  on  a  prescribed 
stress  or  strain  path  at  which  the  state  of  stress 
is  stationary  with  respect  to  Increments  in  strain. 
If  such  points  for  a  variety  of  paths  are  plotted 
in  stress  space,  the  result  of  interpolating  between 
the  points  is  a  limit  surface  (often  called  a  fail¬ 
ure  surface).  A  fit  to  limit  points  for  concrete, 
granite,  marble,  dense  and  loose  sands,  and  clay  Is 
postulated  to  be  the  line 

l  *  V  -  «s  (3) 

described  with  two  parameters  consisting  of  a  limit 
slope,  yl>  Abd  the  Intercept  on  the  L-axls  repre¬ 
sented  by  the  shift  stress,  o,,  with  the  assuap- 
tion  a.  •  o,J.  The  fits,  which  are  shown  in 
Figure  I,  art  remarkably  good  considering  the 
elementary  formulation. 
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FLOW  SURFACES  AMD  FLOW  RULES 


For  the  development  of  t  plasttclty  relation, 
the  Initial  flow  surface  ctn  be  developed  from  the 
point  of  deviation  from  linearity  on  stress-strain 
curves.  Then  this  yield  surface  can  oe  assumed  to 
evolve  out  to  a  limit  surface  to  represent  the 
strain  hardening  phase  of  deformation.  Strain  soft¬ 
ening  can  be  obtained  by  letting  the  flow  surfece 
collapse  In  a  controlled  manner. 

Since  the  limit  surface  is  conveniently  repre¬ 
sented  by  a  line  In  a  space  Involving  the  third 
Invariant,  a  flow  surface  of  a  similar  nature  can 
be  postulated  as  follows: 

♦  *  TP  -  L  -  os  (4) 

In  which  v  Is  a  strain-hardening  function  with  the 
restriction  y  >  tl-  A  surface  ♦  ■  0  defines  the 
flow  state.  For  stress  states  above  this  line, 

♦  <  0,  which  represents  an  elastic  state,  and  a  >  0 
Is  not  permitted. 

A  general  hardening  description  Is  obtained  by 
allowing  the  flow  surface  to  rotate  toward  the 
limit  line,  l.e.,  to  let  y  descrease  with  some  mea¬ 
sure  of  Inelastic  strain  to  the  value  tl.  Then 
with  further  deformation,  the  flow  surface  rotates 
back  and  this  represents  strain  softening.  The 
representation  of  such  behavior  together  with  typi¬ 
cal  loading  paWg^in  the  P-L  plane  Is  shown  In  Fig¬ 
ure  2. 


near*  a.  Strut  aatkt  a*a  fit*  awrftcas  l»  U»  »-l  plana. 

To  control  the  amount  of  dilatation  a  nonasso- 
clated  flow  rule  Is  adopted  with  the  nonassocia¬ 
tivity  related  only  to  the  mean  pressure.  This  Is 
accompli  shad  by  using  a  potential  function  similar 
to  the  flow  function  but  with  the  par  master  y 
replaced  by  another  one,  t*.  where 

T* 


T  ♦  V, 

In  which  yt  Is  a  material  constant. 


(5) 


J 
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Deformation  results  have  been  compared  with 
experimental  data  [7]  for  two  materials  with  vastly 
different  properties.  One  Is  a  hlqh-strength  con¬ 
crete  that  displays  shear  enhanced  compaction  and 
considerable  dilatation.  The  other  Is  a  porous 
foundry  core  that  simulates  cemented  sand.  Vo  1 - 
unetrlc  compaction  up  to  30  percent  Is  exhibited 
under  uniaxial  strain  and  the  shear  enhancement  Is 
considerable.  All  rf  these  characteristic  features 
are  displayed  Py  the  constitutive  model  and  the 
quantitative  comparison  with  experiments  Is  good  for 
several  stress  paths. 


VISCOPLASTIC  FOPHJIATION 

host  frictional  materials  show  a  rate  dependence 
although  specific  experimental  data  am  rare  and 
difficult  to  obtain  [8],  Since  these  data  were 
obtained  for  a  single  path,  there  are  essentially  no 
guide  lines  to  assist  In  developlno  a  three-dimen¬ 
sional  theory.  It  Is  assumed  that  a  reasonable 
representation  can  be  obtained  by  allowing  the 
parameter  y  to  vary  with  Inelastic  strain  rate  In 
addition  to  inelastic  strain.  Furthermore,  the 
relation  is  taken  to  be  separable  In  strain  and 
strain  rate  with  the-  following  form  adopted  for 
Illustrative  purposes: 


»  v^l  - 


*  .  o.i  ~ 


0.050 

Vi  1*1  strain 


In  which  yr  denotes  the  parmaeter  used  for  rate 
effects,  y  Is  the  rite  Independent  value,  A  Is  an 
amplification  factor,  e  denotes  a  measure  of 
Inealstlc  strain  rate,  and  Is  a  reference 
strain  rate. The  result  Is  a  theory  that  Is  robust 
from  a  numerical  point  of  view  and  that  provides  a 
smooth  dependence  on  two  additional  material  param¬ 
eters,  A  and  ■»„. 

Representative  response  curves  have  been 
obtained  numerically  for  loose  sand  and  are  shown  In 
Figure  3  to  111ustr«te  the  effects  of  these 
parameters.  These  preliminary  results  Indicate  that 
fits  to  existing  data  should  be  a  relatively  easy 
matter  which  Is  desirable  for  analysts  who  use  large 
general  purpose  computer  codes. 
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ABSTRACT 

'fcxperleents  conducted  on  concrete  subjected 
to  lawct  loading  In  untixlil  tension,  unlaxlil 
ccmpresilon  ind  In  flexure,  Indlcit#  tint  (1)  the 
strain  *ffects  In  cone  rot*  *r»  not  Isotropic,  (2) 
the  stress-strain  curves  becomes  list  non-llneer 
with  Increasing  strain  r»tt  end  (3)  th*  rite  of 
growth  of  Interval  elcrocracklng  decreases  with  In- 
CPMjlnj  strain  rot*.  A  continuous dimigi  modal  Is 
proposed  to  establish  th*  constitutive  reletlon- 
sMp  of  concrete.  To  Include  the  affect  of  strain 
rsti  on  Intimil  dtmigt,  in  Inertial  tir»  It  In¬ 
troduced  In  the  damage  ivolutlon  equation.  Thi 
damage  is  expressed  is  •  tensor  quantity.  Th« 
Marehclfct  fret  energy  function  Is  expressed  In 
tip»s  of  both  the  Inverlents  of  ttriln  tensors 
-and  daetge  tmsors.  Equitlons  predicted  by  thi 
model  m#  coapired  with  the  experimental  result^ 

1.  INTRODUCTION  ( 

It  Is  widely  accepted  th#t  th#  fillur#  of 
•  concrete  Is  brought  about  by  th#  nucleatlon  #nd 
growth  of  •  number  of  mlcrpcracks.  A  review  of  ' 
th#  dynaalc  t#st  results  tillable  for  concr*t# 

« I  so  Indlcit*  thlt  th#  str#1n-rit#  #ff#cts  ob¬ 
served  for  concr*t»  cm  be,  to  i  lirg#  extent, 
ittrl but#d  to  th#  rit#  dependence  of  this  micro- 
cracking  proc«ss  (1,  ?].  It  »ppears,  th#r#for«, 
thit  th#  continuous  damag#  theory  Is  i  rational 
cholc#  for  predicting  the  mechanical  behivlor  of 
concrete  under  both  queslstatlc  ind  dyneek  load¬ 
ing. 


2  FORMULATION  of  a  constitutive  model 

A  vectorlil  representation  Is  idopt«d  for  the 
damage  which  is  motivated  by  the  plinir  niture  of 
th#  mkrocrecks  In  concute.  The  damage  vector  Is 
chosen  to  be  normal  to  the  plme  of  the  crick  field 
end  hiving  i  eegnltude  equtl  to  the  irei  density 
of  the  cricks.  A  vectorlil  damage  virtibli,  In 
contrast  to  i  scilir  damage  virlibli,  Is  also  cap- 
ibli  of  modeling  the  crick  Induced  inisotropy  ob¬ 
served  In  concrete.  Omm ge  Is  treited  is  in  In¬ 
ternal  stite  virlibli  which  Influences  the  free 
energy  of  the  aiterlil.  For  the  present  formula- 
tlon  th#  Helaholti  free  mergy  function  (*)  Is  de¬ 
fined  in  term  of  the  cwpled  Inverlmts  of  damage 
•nd  striln  is, 


0*  ■  J  (A  ♦  h)  «u  *kk  -  Sk  •  ‘k.‘u! 

♦  T,  »“  *  lHkl"k  -I 

+  U1  (“k  *ks  ml> 

*  v3  <“i  “(>  (*{  *kl  %  -J) 


where  x,  u  ire  the  1 W  parameters,  Is  the 

daaas#  vector,  Is  the  stress  tensor  ind  p  the 

density  of  the  material.  The  three  penaeten 

which  define  the  Influence  of  the  alcrocricks  on 
tht  state  of  the  aiterlil,  ire  considered  to  be 
constants  In  the  present  forwlitlon.  The  super¬ 
script  a  Indicates  th#  possibility  of  thi  occur¬ 
rence  of  More  thin  one  Independent  damage  field. 


This  pirtlculir  for*  of  thi  free  energy  func¬ 
tion  differed  free  the  fora  chosen  by  Devi  son,  L. 
ind  Stevens,  A.  t-  [3)  by  virtue  of  the  power  n 
associated  with  the  fourth  teia.  This  term  cm 
thus  be  of  a  different  order  In  strain  ind  daatge. 
This  provided  for  the  obtalnamt  of  in  equilibrium 
damage  configuration  from  the  free  energy  function. 


A  consistent  thermodynamic  approach  yields 
the  constitutive  equitlon, 


°1J 


>CU 


(2) 


end  the  damegi  evolution  equation, 

pk  ^  •  g^  («1  j .  “v  “0  '  R  (3) 


where  Is  the  stress  tensor  and  k  Is  the  In¬ 
inertia  associated  with  the  alcrocrack  growth  (41 . 

gj  should  satisfy  the  entropy  proeuction  in¬ 
equality  resulting  from  the  theneodynaale  forma¬ 
lism  and  is  cnosen  as, 
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where  »9  1  i  tit*  magnitude  of  and  ^  and  a  arc 
constants. 

Eqs.  1*4  can  b*  combined  to  /laid  the  stress* 
strain  ralatloni  for  a  particular  stats  of  the 
material.  Due  to  the  assumption  of  th#  planar 
nature  of  th*  mlcrocracks  however,  th*  theory 
appears  to  yield  reliable  results  only  for  planar 
problem  where  cleavage  strains  are  seta  11  enough 
to  keep  th*  crack  openings  smalt.  Also,  since 
friction  Is  not  yet  considered,  It  is  not  possible 
to  siatulat*  biaxial  compression  and  strain  soften¬ 
ing. 

3.  COMPARISON  WITH  EXPERIMENTAL  RESULTS 

Instrumented  lepact  tests  on  flexural  beams 
have  been  conducted  by  the  authors  [1,  S,  6].  To 
obtain  reliable  mechanical  properties  with  In¬ 
strumented  tests  with  brittle  Material  such  as  con¬ 
crete,  It  is  necessery  to  reduce  internal  effects 
{ 5 j .  Results  of  this  continuing  experimental  In¬ 
vestigation  were  compared  with  the  theory. 

The  analytical  and  experimental  moment  vs. 
strain  curves  at  two  strain  rates  are  given  In 
figure  1.  It  can  be  noticed  that  Increasing  the 
strain-rate  his  no  significant  effect  on  the  in¬ 
itial  tangent  modulus  but  rasuH*  In  decreasing  the 
nonlinearity  of  the  curves. 

Th*  analytic*!  predictions  for  th*  strength 
Increase  In  tension,  flexure  end  compression  ere 
compared  with  results  obtained  by  th*  authors  and 
other  available  results  in  Figure  2.  Th*  consti¬ 
tutive  model  can  be  observed  to  be  successful  In 
predicting  higher  strain-rate  sensitivity  In  the 
tensile  node  is  compered  to  the  compression  mode. 

Figure  3  gives  the  variation  of  the  apparent 
Poisson's  ratio  (calculated  at  a  strain  corres¬ 
ponding  to  the  peak  stress  (under  quasi  static 
loading)  with  strain-rate.  This  value  exhibits  an 
Increasing  trend  In  tension  and  a  decreasing  trend 
In  compression,  as  the  strain-rate  is  increased. 
Such  trends  conform  with  th*  available  experi¬ 
mental  results  (2). 

4.  CONCLUSIONS 

A  constitutive  model  was  developed  for  the 
quasistatic  and  dynamic  benavior  of  concrete,  based 
on  the  continuous  damage  approach.  Th*  constitu¬ 
tive  equations  as  wail  as  the  damage  evolution 
equations  were  darlvad  consistently  from  thermo¬ 
dynamic  consideration.  The  modal  was  calibrated 
by  th*  use  of  flexural  and  compression  test  results 
over  a  range  of  strain-rates.  The  modal  was  also 
found  to  be  capable  In  predicting  certain  other 
phenomena  of  the  dynamic  response  of  concrete. 
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j  AMTHACT 

Compoaltea  caat  from  polymers,  toe* 

and  sand  have  bm  exatalned  to  da t* rain* 
their  resistance  to  penetration  by  7.62b  diameter 
high  velocity  projectiles.  The  affect*  of  using 
d  1  f  fa  ran  t  polymer  amd  roc*  aggregate  type*  haw 
bean  investigated,  and  tba  resultant  composite* 
optimised  in  tana*  of  coat  af fectlveneea  and 
paostratlcn  resistance 

Opt  1st  cation  waa  caxrlad  out  using  raaponn 
surface  theory  ad  varlablaa  oonaldared  aara  alx 
proportion*,  rock  aggregate  pa rt ic la  elm  and 
polyaar  h&rdaeea.  hanetratloe  taats  aara  car r lad 
out  t»  optimised  doapositaa  to  datanalae  tha  thiok- 
naa*  result ad  tor  a  91*00  coof  1  dun oa  laaa  1  of 
project!!*  containment. 


WTbOOUCTlW 

An  intaraat  io  tba  protaction  of  buildings 
and  other  structures  against  ana  11  aras  fira  lad 
Cibbs  and  Praooott  (1)  to  undertake  a  Uni  tad 
axperimmetal  study  into  tba  behaviour  of  dry  grave ! 
amour  which  bad  Naan  uaad  in  wire  mash  boaaa  to 
protact  vehicle*  apalnat  infantry  fira  during 
•or Id  Mar  II.  Their  tatta  ahovmd  that  a 
theoretics ,  approach  to  find  tha  optimal  graaal 
par 1 1  c la  alar,  uai.ig  'billiard  ball*  thaory,  was 
not  valid  bacauaa  of  tha  hiqpi  dagraa  of  comminution 
of  tha  graaal  p  ,rticlaa.  Tba  af factlvanaa*  of  tha 
amour,  however,  hi  proven. 

*  major  problaa  in  using  graaal  la  contain¬ 
ment  of  tha  notarial.  A  flexible  biradar  la 
desirable  bacauaa  of  tha  aitanaluo  fractura  uhleh 
occurs  In  bilttla  natarlal  an  Inpact.  banco  tit* 
idoa  uwa  of  using  a  cold  curing  rubbary  polyaar 
aa  tha  binds r ,  and  a  study  baa  base  car r lad  out  to 
taat  tha  effectiveness  of  thlt  typa  of  rock/ 
elastomer  composite  and  to  optimise  tha  aatarlal 
in  Urea  of  Ita  U^Hct  raalatanoa. 

At  an  aarly  atnga  It  mss  raallaad  that  a 
two  phase  mixture  of  alaatoaar  and  rock  particle* 
aould  b*  aary  axpenslm  bacauaa  of  tha  large 
percentage  aolda  able*  bad  to  ba  fillad  with  high 
coat  nlaatmar.  banes  sand  aaa  included  in  tha 
al*  to  act  aa  a  filler.  Tha  resulting  composites 
aara  unusutl  bacauaa  of  tba  relatively  lo* 


elastic  Modulus  of  tha  matrix  aetetUla.  Mo 
published  Information  on  tha  penetration  resist¬ 
ance  of  this  typa  of  ooapoaita  material  could  be 
found,  although  theru  mas  ooaaidsrabla  Infonatlon 
about  penetration  Intro  bomoganeoua  and  layarad 
Material*  (2 ,  1,  4,  . 

Descriptions  of  pea* tret  1  car  aachnnica  have 
uaad  tha  follonlng  approaches  (1)  eapir leal , 

(til  aaaumad  force  lav.  (Ill)  analytical  and 
(lv)  ntmarical  (using  computer  oodaa)  .  In  tha 
first  t vo  catagorlaa  tha  parameters  aruut  ba  dater- 
ainad  troa  pane  oration  experiment* ,  and  application 
of  tha  resultant  formulas  la  >~i  valid  in  any  other 
context.  This  la  bacauaa  tha  parameters  are  not 
defined  explicitly  in  terms  uf  tha  constitutive 
properties  of  tha  aadiua  and  projectile  character¬ 
istics.  However.  such  method*  usually  a Turn  good 
results  within  these  bounds. 

In  tha  analytical  approach,  conatu  itiva 
and  continue*  ague 1 1  on •  are  uaad  to  describe  tha 
event,  and,  ideally,  are  solved  In  •  close]  fora 
to  produce  prediction*  of  depth  of  penetration, 
project. Hu  declaration,  ate.  Aomavar.  thli  typa 
of  solution  has  not  bean  achieved  without  «  high 
dagraa  uf  simplification. 

Numerical  approach  aa  are  expensive  in  tiaa 
and  aoevay.  Momavar .  for  situation*  using  aatarlal* 
with  wall  defined  properties  offering  •  hi  .|h  dagraa 
of  reproduce*)*!  ltty ,  their  value  1*  apparsit 

Tha  latter  two  method*  have  only  b*an 
developed  to  tha  stage  where  tha y  can  cop*  with 
Imoganaoua  aatarlal*,  possibly  in  layer* . 
heterogenous  aatariala  such  a*  concrete  have  bean 
considered,  but  have  bean  t.  aa  Lad  aa  homogeneous. 
Qenarally,  tha  projectile  alaaa  uaad  have  bwan 
ordara  of  magnitude  larger  than  the  concrete 
aggregate  alas,  lo  the  case  of  tha  composite*  in 
this  study,  tba  aggregate  si  as  waa  *imil*r  or  about 
one  order  of  magnitude  larger  in  terms  of  mas* 
than  tha  projectile.  Tbi*  meant  that  tha 
situation  could  not  realistically  ba  aupilflad 
a*  homogenous  or  layarad.  because  of  these 
difficulties  an  experimental,  rather  than 
analytical,  approach  waa  adapted. 
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T*8T  MATXAlALr 

The  compoe  1  tei  w»r*  produced  by  alum-) 
vtmiui  proportion*  of  sand  filler,  rock 
end  altttnit. 

Send  Tiller 

The  lend  filler  reduced  the  asount  of 
rUitoetr  reoulre.1  to  fill  the  void  spate*  between 
the  rock  abrogate  particle*.  The  effect  of  the 
aand  particle  sire  on  penetration  resistance  see 
considered  insigni f leant ,  eo  tone  tl  or  ton*  III 
a*  defined  by  British  standard  M2  i  Part  1 
(5)  sea  used  In  all  composite*. 

hock  aggregate 

An  advantage  of  the  composites  being 
esaulned  1*  that  they  are  fairly  economical 
because  locally  available  aggravates  bay  be  used. 
To  axaalns  the  Influence  o'  agar«.gat*  type  on  the 
penct  rat  ion  resistance  of  the  composite,  the  Min 
scries  ol  testa  sere  carried  out  eelnq  three 
different  aggregates:  crushed  limestone,  crushed 
aval  t ,  and  riser  gravel. 

The  crushed  limestone  sea  a  fine  grained 
sedimentary  rock,  eld  grey  in  colour  and  angular 
in  shape  sith  a  significant  amount  of  dust  present. 
The  crushed  basalt  ssa  a  fine  grained  olivine 
basalt,  dark  greyish  grean  in  colour  and  angular 
in  shape  sith  a  significant  amount  or  dust  present. 
Most  of  the  dust  in  these  crushed  rock  aggregates 
MS  removed  by  sieving  prior  to  mixing  sith  th* 
sand  filler  and  slastomer. 

The  river  gravel  was  predominately  quarts  ice 
and  quarts,  sith  small  proportions  ot  other  rock 
types.  The  particles  of  the  predominant  rock  types 
were  rounded  or  Irregular,  but  the  minority  rock 
type  particles  were  of  all  shapes.  Very  little 
dust  was  present,  because  of  the  aggregate's  mode 
of  dapostian  from  moving  water  which  carried  assy 
the  fines. 

Th*  propertie*  of  these  rock  aggregate* 
defined  in  British  Standard  8U  It)  are  listed  in 
Tania  1 .  Also  included  in  this  Tab  la  are  the 
percentage  voids  for  27. 5  -  37.  Sam  aggregate  found 
using  looms  dla.  x  loom  high  cylindrical  moulds 
as  rer  nssmnded  In  the  Sr  it  1  ah  standard,  and  using 
152sm  cube  moulds  similar  to  those  used  tor 
cosposlts  specimen  preparation. 

Sis atoms r 

To  achieve  a  relatively  inexpensive  cam- 
posits  which  could  be  produced  without  special 
curing  facilities  and  have  a  satisfactory  pene¬ 
tration  resistance  within,  at  most,  twenty  four 
hours,  it  wsa  essential  to  find  an  elastomer  which 
satisfied  a  o usher  of  criteria.  Ttrn  elastomer  had 
to  be  casmtrclslly  available  In  large  quantities 
at  rvlativaly  low  cast,  for  sees  of  mixing  and 
casting  It  had  to  have  *  low  viscosity  and  a  gsl 
time  sufficiently  long  for  casting .  Thereafter 
It  had  to  cure  quickly  at  mdbiant  temperature . 


Crushed 
Uses  tone 

Crushed 

Basalt 

Pi  vr 
Gravel 

Oven  dry  specific 
gravity 

2.t>7 

*\  ib 

J.S7 

Aggregate  crushing 
vatu*,  t 

i2 

- 

*99»  *9*U  laptet 

valut,  l 

2) 

17 

16 

10\  final  load  (Ml) 

160 

250 

177 

t  «  id»  -  compacted 
ft.S  cylinder  test 

Ot 

41. Bt 

JS% 

t  vo  .di  unccepacted 
B.S.  cylinder  test 

49.  3t 

49. 4t 

39 . 44 

1  voile  -  un compacted 
152m>  cube  mould 

5J.lt 

49.4* 

43. 7t 

»  vo  la a  -  compacted 
152m  ■  ube  mould 

(4t 

4Ut 

1 

19.lt  | 

Table  1  bock  aggregate  properties 


To  act  as  a  flexible  binder  at  lepact  and  during 
penetration  th*  a> aatcaaei  had  to  be  elastic  at 
high  ratal  of  strata.  It  also  had  to  give  a 
composite  with  adequate  mechanical  properties  for 
lerge  panels  to  be  produced  es  cladding  malarial 
or  to  form  free  standing  unite  to  a  reasonable 
height. 

Initially  a  “Ids  range  of  cold  cure  thermo¬ 
setting  polymers  including  epoxy  resins,  natural 
and  synthetic  rubbers  and  polyurethanes  ware 
examined.  None  of  the  sixteen  polymer*  tasted 
Initially  satisfied  all  of  the  criteria  listed  for 
th*  Ideal  slastomer.  Polyurethanes  were  found  to 
satiety  scat  of  th*  criteria  and  two  polyurethanes, 
*  poly** ter  polyurethane  (Polymer  A)  and  a  blend 
of  two  polyether  polyurethanes  (Polymer  B)  were 
chosen  for  the  Mia  investigation.  By  varying  the 
proportions  of  the  polymer  constituents  different 
h*rdnea*ee  of  cured  elastomer  could  be  achieved. 

SPCC1MH  PBftPAAATIOM 

Single  Use  rock  aggregate  w»s  used  in  ail 
toaclmene  and  after  sieving,  the  aggregate  and 
*aed  flllar  ware  ovae  dried.  Hi  slog  was  carried 
out  using  a  mechanical  bowl  mixer.  Tbs  elastomer 
constituents  ware  alssd  for  about  10  second*  to 
ensure  complete  bleeding  sad  then  the  rock 
aggregate  and  amid  filler  were  added  to  the  resin 
and  th*  nixing  oentiausd  for  a  further  minute. 

The  composite  was  oast  In  layers  la  112mm  concrete 
cube  moulds,  each  layer  being  tamped  in  a 
oonalstaat  manner.  Polymer  A  oompoeltoa  could  be 
damnmlded  IS  hours  after  casting  end  Polymu  B 
composite*  1  boor  after  casting  - 
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T»»T  WTHOO 

T»it  BjwciMnl  with  lSJaea  aquars  facs  and 
varying  thicAnassaa  art  fund  in  a  targwt  ho’dar 
which  provided  a  up  pen  round  tha  taar  ptrimatat  of 
tha  spaclann  but  with  alniaal  latarai  ru.tralnt. 

fro)*cit,‘>l  wan  aithar  7.62am  NATO  uali 
•munition  'aau  9.)g  with  la  ad  alloy  coral  or 
7.61ms  NATO  Amour  flare  log  aamuhltion  lataaa  9.6- 
9.»g  with  hardanad  ataal  con)  .  Initially  both 
typaa  of  aamunltlon  wara  uaad.  but  indications 
wara  that  armour  piercing  proiactilaa  panatratad 
(urthar  than  ball  projactl  '*» .  Amour  p'arclng 
projact'laa  wara  thanfora  uaad  in  tha  An  in  tait 
Mitaa  and  aftar  tha  ccaaposltas  had  baan  optiaiaad 
a  aubaidiary  aariaa  of  taata  using  ball  aaaaunltion 
was  carriad  out  on  an  optimised  coapoaita  to 
oonfini  tha  lowar  panatrationa. 

Tha  pro)actllaa  wara  remotely  find  (rota  a 
fiaad  praaaura  housing,  bolt  and  barral  errangaeant 
10a  f roa  tha  targat  A  photodloda  typa  valoclty 
aaasurlng  rig  was  aountad  l.Saa  In  front  of  tha 
targat  and  this  allowad  tha  projectile  vatoclty  to 
ba  checked.  Naan  measured  valocity  for  ball 
aaaunition  was  794  a/a  and  for  anaour  piarclng 
awmltun  007  a/a. 

Aftar  taatlng  target  apaciiaana  warn 
aactlonad  at  ahown  In  Flgura  1(a).  Thia  anablad 
tha  panatrat ion  dapth  of  cha  projectile  to  ba 
datanalnad  and  tha  panatratlan  path  langth  could 
ba  ealculatad  by  taking  coordinatai  as  shown  in 
flgura  1(b)  . 

OPTIH1AAT10N  O t  TNI  CtWOSITSS 


(al  I  SONET  WC  tUVAll'TN  ON  INPACt  fACE 


I 


l.-npatl  trajrilory 
<b)  Pi  AN  ON  SECTIONED  (aPEClNEN 


tim  funuamenlel  ala  of  the  project  was  to 
•Inlmlae  tha  targat  thlcknaa-.  nacasaary  tu  raaist 
partoratlon.  whilst  kaaaping  tha  curs  time  and  the 
iapact  daaaaga  to  tha  coapoaita  to  an  accaptabla 
lawal.  Thus  tha  nonaal  panatratlon  dapth,  D,  or 
psnatration  path  langth,  0‘,  wara  considsrad  as 
alternatives  for  tha  daaign  ctitarion.  initially 
tha  totwmi,  -*»  uaad  but  praliainary  lapac  taata 
on  coapoaltaa  ahowad  that  tha  panatratlon  path 
raraly  remained  straight  and  nonaal  to  tha  iapact 
faca.  Tha  parutrrtiun  paut  langth  waa  thus  of 
•ora  significance  in  aaaaaslng  resistance  than  tha 
panatratlon  drpth,  and  waa  Chars  fore  uaad  as  tha 
daaign  crl tarion  in  tha  aain  aariaa  of  taata. 

in  attempting  to  optiaira  tha  corr  joeites  in 
taraa  of  thatr  panctratlon  resistance  U  ara  waa  a 
larga  number  of  indapandant  vnriabl  .hich  had  to 
ba  contidarad  for  each  rock  aggrag<  a/alaatomer 
combination.  Three  variablaa  art  i rated  in  Tabla 
2.  It  waa  dacidad  to  conoantrstt  tha  aain  Cast 
program*  on  tha  four  primary  quantitative  (a) 
variablaa  at  tha  top  of  Tabla  2.  and  to  kaap  tha 
othar  aacondary  variablaa  c-. latent. 

Normally  tha  cptieiaetioo  procadura  for 
four  variablaa  would  b  carriad  out  by  keeping 
thrs*  variablaa  constant  and  varying  tha  fourth. 
Tbit  would  ba  rap  'uad  for  aach  of  tha  priaaary 
variablaa  in  tun.  thus  sat  a  of  flttad  aquations 
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would  be  obtained,  each  in  only  one  x  var  i able  .  From 
this  stage,  optimization  can  only  be  achieved  by 
examir  Ing  general  trends  and  carrying  out  expert* 
ments  on  a  trial  and  error  basis.  This  method  may 
require  a  very  large  number  of  tests  and  the 
inter-dependence  of  the  variables  may  not  be 
appreciated. 

These  difficulties  were  overcome  by  using 
a  statistical  method  known  as  response  surface 
theory,  the  general  principles  of  whxch  have  been 
described  by  Cochran  and  Cox  (7),  Detaiis  of  the. 
application  of  this  theory  to  the  optimization  of 
rock/elastomer  composites  are  given  by  Anderson 
et  al  (8) ,  and  the  mixes  obtained  from  the 
optimization  procedures  are  given  in  Table  3. 

THICKNESS  TESTS 

During  the  optimization  test  series  targets 
which  were  expected  to  be  sufficiently  thick 
(lS2mra)  to  prevent  perforation  we.e  used.  Very 
occasionally  perforation  occurred  when  the  worst 
combination  of  primary  variables  was  used,  but  no 
perforations  were  recorded  with  optimum  mixes. 

When  each  of  the  optimum  mixes  had  been  identified 
it  was  necessary  to  determine  the  specimen  thick¬ 
ness,  t^.  which  would  contain  the  projectile  with 
a  given  degree  of  confidence. 


Two  confidence  levels  were  examined  for  the 
protective  capability  if  the  composite.  The  first, 
80- *>0%  containment,  was  thought  to  be  applicable 
where  the  composite  was  to  be  used  for  protecting 
an  existinq  reasonably  strong  structure,  e.g. 
brickwork.  Most  of  the  projectiles  would  be 
contained,  but  those  that  were  not  would  have  their 
kinetic  energy  greatly  decreased.  The  second 
confidence  level ,  97.5-99%,  was  considered 
sufficient  where  the  composite  was  to  be  used 
alone,  or  over  a  weak  structure. 

Using  specimens  of  varying  thickness  of 
optimized  composites  it  was  possible  to  estimate 
a  thickness  for  each  composite  at  which  90-90% 
containment  would  be  achieved.  Series  of  20  tests 
on  identical  optimized  specimens  of  this  thickness 
were  then  carried  out  to  check  the  80-90%  con¬ 
fidence  level  and  to  predict  thickness  for  9'7,5%- 
99t  confidence.  These  tests  showed  that  some 
adjustment  of  the  mixes  obtained  from  the  main 
optimization  test  series  was  required  for  the 
Polymer  B/basalt  and  Polymer  B/liroestone 
composites.  Details  of  these  tests  and  the 
various  mix  adjustmenets  have  been  described  by 
Anderson  et  al  (8)  ,  and  the  results  of  thickness 
tests  on  all  the  final  mixes  are  summarised  in 
Table  4. 


Polymer  type 

Rock  type 

%  polymer  by 
weight 

X1 

»  tock  aggregate  by 
weight 

X2  ! 

Rock  size 
(mm) 

(nominal) 

X3 

Polymer 
hardness 
(Shore  A0) 

*4 

A 

River  gravel 

9 

60 

26.5  -  J7.5 

75 

B 

River  gravel 

9.8 

59 

26.5  -  37.5 

80 

B 

Basalt 

7 

56 

26.5  -  37.5 

80 

B 

Limestone 

7  ' 

64 

26.5  -  37.5 

80 

Table  3  Mixes  obtained  from  optimization  procedure 


Polymer 

type 

Rock  type 

%  Polymer 
by  weight 
xi 

%  rock 
aggregate 
by  weight 
x2 

Rock 

size 

\mm) 

x3 

Polymer 
hardness 
(Shore  A°) 

*4 

fot 
80-90% 
confidence 
limits  * (mm) 

t„  for 
97,5-99% 
confidence 
limits  (mm) 

A 

Esm 

9 

60 

2b . 5  to 
37.5 

75 

90 

115 

B 

i 

River 

gravel 

9.8 

59 

26.5  to 
37.5 

80 

75 

100 

5 

Basalt 

9 

58 

■  ’■ 

Bwl 

80 

110 

140 

B 

Limestone 

11 

59 

26.5  to 
37.5 

80 

100 

130 

Table  4  Summary  of  results  from  thickness  tests 
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BEST  AVAILABLE  COPY 


SUPPLEtENTARV  TEST f 
Target  Temperature  Effects 

In  practical  use  the  composite  nay  be 
subjected  to  extremes  of  temperature  and  because 
the  elastomer  Is  very  temperature  sensitive,  it 
ess  felt  prudent  to  examine  the  protective 
capabilities  of  one  of  the  optimized  combination; 
(river  gravel/polymer  B)  at  temperatures  other 
than  ambient.  Three  series  of  twenty  tests  each 
were  carried  out  three  days  after  easting  on 
identical  specimens  60mm  thick  i8o-90%  confidence 
level).  In  the  first  series  specimens,  after 
curing,  had  been  cooled  in  a  freezer  and  the 
average  specimen  temperature  at  testing  was  -  7°C . 

In  the  second  series  specimens  were  heated  in  an 
oven  after  curing  and  tested  at  a  mean  temperature 
of  ♦ 34°C .  The  third  series  of  tests  was  carried 
out  on  specimens  cast,  cured  and  teated  at  ambient 
temperature  (+15°C) .  The  results  of  the  tests 
Shotted  that  higher  than  ambient  temperatures  lad 
little  effect  on  penetration  resistance,  but  i 
low  temperature  increased  the  resistance.  This 
increase  in  resistance  was  accompanied  by  increased 
brittleness  of  the  target  with  much  greater  damage 
around  the  impact  zone. 

Contact  Explosive  Tests 

A  limited  series  of  tests  was  carried  out  to 
examine  the  resistance  of  rock/e  la  sterner  composites 
to  small  explosive  charges.  Slabs  610mm  x  610mm  x 
80mm  of  optimise  mix  of  the  best  composite  (river 
grave  1/Polymer  B)  were  cast  and  cured.  Similar 
slabs  of  concrete  were  cast  with  the  same 
proportions  and  size  of  river  gravel  and  sand  as 
in  the  composite  slabs. 

The  slabs  were  placed  on  a  steel  sheet  or, 
the  ground  and  a  hemispherical  charge  of  plastic 
explosive  was  detonated  centrally  in  contact  with 
the  slabs.  By  trial  and  error  the  minimum  charge 
required  to  defeat  the  slabs,  i.e.  cause 
disintegration,  was  determined. 

The  results  showed  clearly  the  superior 
performance  of  the  composite  over  concrete.  A  50g 
charge  caused  only  cratering  of  the  composite  slab 
with  no  ciacking,  indicating  a  high  tensile 
resistance  in  the  composite.  A  similar  charge 
detonated  on  a  concrete  slab  caused  complete 
disintegration  of  the  slab.  Concrete  was  defeated 
by  a  12. 5g  charge  vlieieas  the  ulniaua  charge 
necessary  to  defeat  the  composite  was  150g. 

C0**C  NTS 

The  tests  showed  that  composites  formed  by 
binding  rock  aggregate  together  with  an  elastomeric 
matrix  were  effective  in  stopping  small  arms  fire. 
The  effectiveness  of  the  composite  depends  on  the 
constituents  and  the  best  performances  were  found 
with  composites  containing  Polymer  B .  with  all 
composites  the  optimized  tutorial  contained  the 
largest  size  gravel  (26.6-37.Snx)  which  could 
easily  be  mixed  with  the  resin  and  sand  filler. 


The  aggregate  type  affects  the  penetration 
resistance.  In  particular,  the  harder  the  rock 
(as  described  by  aggregate  Impact  value)  end  the 
denser  the  rock  particle  pecking  (described  by 
percentage  voids),  the  greater  will  be  the 
composite  resistance.  A  guide  to  the  necessary 
thickness  of  composite  for  any  rock  aggregate  and 
for  any  particular  confidence  level  is  given  in 
Table  S.  It  is  suggested  that  the  mix  should 
contain  10%  by  weight  of  Polymer  B  (hardness  80 
Shore  A) ,  60%  rock  aggregate  of  the  largest 
available  (up  to  40mm  maximum)  and  30%  sand.  Rocks 
with  aggregate  impact  values  greater  than  2S  should 
not  be  used. 


Confidence 

level 

Aggregate  impact 
value  between 

26  and  16 

Aggregate  impact 
value  leys 
than  IS 

80'. 

UOcr 

95mm 

90% 

120mm 

105mm 

96% 

1 30ofc 

115mm  j 

97.6% 

140m 

120mm 

99% 

ISOmr 

130mm 

Table  5  Suggested  thickness  of  composite 

containing  untested  rock  aggregate 


A  major  advantage  of  these  composites  is 
their  lerly  resistance  to  penetration.  The 
material  has  sufficient  cohesion  for  moulds  to  be 
remov, d  after  1  -  IS  hours.  Static  compiessicn, 
bendir j  and  creep  tests  indicated  full  strength 
was  achieved  about,  eight  hours  after  casting. 

These  static  tests  also  showed  that  the  composite 
was  Strong  enough  for  80nm  thick  panels  up  3m 
square  to  be  handled,  or  for  the  material  t  •*' 
free  standing  to  a  height  of  10  metres. 

The  limited  series  of  explosive  tests 
showed  promising  results  and  this  aspect  of 
material  behaviour  should  be  further  investigated. 
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BEHAVIOUR  Of  FIBER  REINFORCED  CONCRETE  SLABS 
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ABSTRACT 

The  behaviour  of  steel  fiber  rein¬ 
forced  concrete  slabs  under  Impact  loads 
has  been  Investigated.  The  results  ob¬ 
tained  show  that  fracturing  snd  spallation 
effects  are  reduced  to  a  large  extend  due 
to  high  energy  absorption  and  the  inci eas¬ 
ed  yield  strength  of  this  material.  Crater 
depths  are  comparable  to  those  obtained 
using  normal  concrete  targets.  Systematic 
tests  using  different  fiber  types  and 
dimensions  show  that  the  terminal  ballistic 
behaviour  Is  strongly  dependent  on  these 
parameter  a. 


INTRODUCTION 

Concrete,  as  a  wide  spread  and  cheap 
building  material  is  also  preferably  used 
for  military  shelter  constructions.  For 
this  application  its  low  yield  strength  and 
its  brittle  behaviour  are  of  great  dis¬ 
advantage.  These  material  properties  lead 
to  harmful  spallation  processes  especially 
at  the  interior  of  building  constructions. 
Considerable  damage  might  be  caused,  even 
«  if  -.he  ballistic  limit  thickness  is  not  yet 
overcome.  An  essential  improvement  of  the 
protection  properties  of  concrete  can  be 
expected,  if  a  more  plastic  behaviour  and 
an  increased  yield  strength  could  be 
achieved.  An  appropriate  means  can  be  the 
mixing  in  of  steel  fibers.  Many  investi¬ 
gations  concerning  the  behaviour  of  such 
fiber  reinforced  concrete  under  static 
loads  have  been  perforated.  They  show,  that 
the  application  of  steel  fibers  leads  to  a 
moderate  increase  of  the  yield  strength, 
and  to  a  considerable  Improvement  of  the 
plasticity.  Though  this  material  seems  to 
be  very  promising  also  under  dynamic 
loads,  only  few  studies  of  its  dynamic  be¬ 
haviour  have  been  performed  up  to  now. 
Therefore  an  extensive  experimental  pro¬ 
gram  has  been  initiated  at  Ernst-Mach-In- 
sti»ut  with  the  objective  to  study  the 
behaviour  of  fiber  reinforced  concrete 
under  dynamic  loads  and  to  optimize  its 
composition. 


EXPERIMENTS  AND  RESULTS 

For  preliminary  testa  plain,  normally 
reinforced  and  fiber  reinforced  concrete 
slabs  have  been  produced.  They  have  been 
impacted  with  steel  aylinders  (mats  SO  g) 
in  the  velocity  range  between  about  400  - 
700  m/s.  A  comparison  of  the  damage  phe¬ 
nomena  (Fig.  1)  shows,  that  plates  com¬ 
pletely  brake  and  show  rear  side  spallat¬ 
ion  effects  already  at  impact  velocities 
of  about  400  m/s  (Fig.  1,left).  The  nor¬ 
mally  reinforced  plates  not  even  brake  at 
impact  velocities  of  more  than  700  m/s 
due  to  the  high  yield  strength  in  the 
direction  of  the  plate  plane,  however, 
rear  side  spallation  is  not  suppressed 
by  means  of  the  reinforcement  (Fig.  1, 
center) .  Up  to  more  than  600  m/s  the 
fiber  reinforcement  prevents  fracture  and 
spallation  processes  (Fig.  1,  right).  In 
addition  it  has  been  found  that  the 
fibers  are  of  only  minor  influence  on  the 
croter  depths.  These  tests  show,  that 
fiber  reinforcement  well  suppresses  da¬ 
mage  due  to  shock  wave  propagation.  By 
using  several  different  types  of  fibers 
it  became  evident,  that  the  fiber  geo¬ 
metry  is  of  great  influence  on  the  ballis¬ 
tic  behaviour  of  this  material. 

Based  on  these  results,  an  experimen¬ 
tal  program  for  the  optimization  of  steel 
fiber  reinforcement  has  been  performed. 

In  these  experiments  the  dependence  of 
the  damage  phenomena  on  fiber  parameters 
was  investigated.  For  this,  planar  im¬ 
pacts  resulting  in  planar  shock-wave 
loads  haVe’been  performed.  The  projectiles 
were  cylinders,  made  of  fiber  reinforced 
concrete,  with  diametera  of  9  cm  and 
thicknesses  of  25  to  30  mm.  Fiber  para¬ 
meters  have  been  varied  in  the  following 
manner t 

1)  Variation  of  the  fiber  content 

The  increase  of  energy  absorption 
of  concrete  due  to  the  fibers  should  be 
proportional  to  the  fiber  content.  The 
influence  of  the  fiber  content  on  the 
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v  =  423  m/s  v  =  598  m/s 

Fig.  1  comparison  of  different  concrete  types 


v  •  633  m/s 


reduction  of  braking  and  spallation  pro- 
esses  can  only  be  clarified  experimentally. 
Therefore  a  fiber  type  (0.4  x  25  mm)  was 
used,  which  was  easy  to  mix  in.  The  degree 
of  reinforcement  was  varied  between  0  and 
10  1  by  weight  In  steps  of  2  » . 

2)  Variation  of  the  fiber  length  at  a 
constant  fiber  diameter 

The  energy,  which  is  needed  to  pull 
out  a  fiber  from  the  cement  matrix  is  in¬ 
creasing  with  increasing  fiber  length.  The 
force  needed  to  pull  out  a  fiber  as  well 
as  the  extension  length  are  both  increasing 
linearly  with  increasing  fiber  length.  That 
means,  the  work  needed  fer  a  complete,  dis¬ 
connection  is  proportional  to  the  square  _  _ 
of  the  fiber  length 

3)  variation  of  fiber  length  and  diameter 
at  a  constant  L/D-ratlo 

It  is  not  easy  to  predict  the  influ¬ 
ence  of  the  variation  of  these  parameters, 
since  opposite  effects  have  to  be  taken  in¬ 
to  account. 

a)  An  increase  of  the  fiber  length  and  dia¬ 
meter  leads  to  a  decrease  of  the  total  sur¬ 
face  for  a  constant  fiber  content  and  there¬ 
by  the  energy  absorption  is  reduced. 

b)  See  consideration  to  No.  2. 


Concerning  the  variation  of  the  fiber 
contents,  it  was  found,  that  already  a 
weak  degree  of  reinforcement  of  only  2  4 
by  weight  leads  to  an  effective  suppress¬ 
ion  of  braking  and  spallation.  Only  a 
gradual  improvement  is  achieved,  if  the 
fiber  content  is  increased  up  to  10  t .  A 
quantitative  charateri ration  of  the  damage 
phenomena  at  the  rear  side  of  the  pistes 
cannot  be  given  due  to  extensive  scatter¬ 
ing  of  fracture  data.  Therefore,  the 
plates  have  been  sectioned.  A  distinct 
conical  fragmentation  zone  can  be  ob¬ 
served  within  the  slabs,  the  volume  of 
which  can  be  measured  easily.  This  vo¬ 
lume  of  highly  fragmented  target  material 
can  serve  as  an  integral  quantification 
of  the  target  damage. 

In  Fig.  2  the  volume  of  this  frag¬ 
mentation  zone  is  plotted  versus  the 
projectile  energy  for  different  degrees 
of  reinforcement.  The  relation  is  roughly 
linear,  e.g.  an  approximately  constant 
portion  of  the  kinetic  projectile  energy 
is  converted  into  fracture  energy.  The 
fragmentation  zone  is  getting  smaller 
with  increasing  fiber  contents. 
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Fig.  2  Volume  of  fragmentation  zone  versus 
impact  energy  for  different  degrees 
of  reinforcement 


Fig.  4  Volume  of  fragmentation  zone  ver¬ 
sus  Impact  energy  for  different  I. 
and  D  and  constant  L/D 


SHOCK  WAVE  MEASUREMENT 
Additional  ballistic  experiments  have 

cmio.—i  >•«  been  perforated  In  order  to  measure  the  t 

shock  pressure  profile  within  the  target. 
The  experimental  set  up  is  shown  in  Fig.S. 
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Fig,  1  Volume  of  fragmentation  zone  versus 
impact  energy  for  dlffarent  fiber 
lengths  and  constant  D 


The  variation  of  tne  fiber  length  at 
constant  diameter  shows,  that  a  length  in¬ 
crease  leads  to  a  reduction  of  the  frag¬ 
mentation  zone,  too  (aee  Fig.  3) .  The  re¬ 
sults  obtained  by  varying  fiber  length  and 
diameter  at  a  constant  L/C  ratio  are  shown 
In  Fig.  4.  The  fiber  of  medium  dimensions 
yields  best  results.  The  effectiveness  of 
the  small  fiber  ia  reducad  due  to  a  small 
stiff nets  and  a  bad  adhesive  strength.  For 
tne  long  fiber  the  mixing  within  the  con¬ 
crete  is  not  sufficiently  homogeneous  and 
a  predominant  orientation  parallel  to  the 
slab  surface  occurs.  Considering  all  t<-jte, 
the  fiber  with  L  -  25  an  and  D.  ■  0.4  sm 
was  found  to  yield  best  results  under 
ballistic  loads.  It  can  easily  be  mixed  in 
up  to  relatively  high  degrees  of  reinforce¬ 
ment. 


.pauge  power 
supply 
_,Cofbon  gauge 


Fig.  5  Set-up  for  pressure  measurement 

A  plezoresistive  carbon  gauge*' Is  mounted 
between  two  concrete  slabs  of  10  cm  thick¬ 
ness  each,  which  have  been  glued  together. 
The  gap  between  the  plates  where  the  car¬ 
bon  gauge  is  located,  Is  only  some  tenth 
of  a  mm  wide,  that  swans  the  full  pressure 
peak  occurs  at  the  gauge  position .  Fig.  6 
shows  a  typical  pressure  signal  fer  an 
impacc  velocity  of  ISO  m/s.  Since  the 
electronic  detection  system  wis  triggered 
at  the  time  of  projectile-target  contact, 
the  oscillogram  also  reveals  the  propa¬ 
gation  time  of  the  shock  wave  until  It 
reaches  the  gauge.  It  was  2S  ps  and  Is 
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in  good  accordance  with  a  wave  propagation 
velocity  close  to  the  velocity  o £  sound. 
Within  1  or  3  ps  the  pressure  rtses  to 
an  amplitude  of  'i . 5  lo7  Pascal.  The  wiuth 
of  the  pressure  maximum  '.12  pc)  corres¬ 
ponds  to  the  duration  of  the  pressure 
phase  at  the  projectile-target  inter¬ 
face  . 


rig.  6  Pressure  signal 


CONCLUSION 

Fiber  reinforced  concrete  has  very 
good  properties  with  respect  to  dynamic 
loads  due  to  its  high  energy  absorption 
and  a  suppression  of  the  rear  side 
spallation. 


REFERENCES 

HOLSEWIG,  H.  and  STILP,  A.:  Vorunter- 
suchungen  Uber  die  Eignung  von  stahl- 
faccrarmierten  Betonplatten  als  Splitter- 
schuti. 

Ernst-Mach-Institut  1978 


9d 


ADP001724 


EXPERIMENTAL  MODE  LI  NT.  OF  STRENGTH  AND  DEFORMATION  BEHAV’OP  OF 
CONCRETE  IN  DIRECT  SHEAR 


Stein  Sture 


Department  of  Civil,  Environnont.il,  and  Architectural  Engineering, 
University  of  (.oloradc,  Boulder,  Coloiado. 


ABSTRACT 

Direct  ahear  experiments  on  Urge  prlema'lc 
specimens  of  plain  concrete  were  conducted  In  w 
Urge  capacity  servo-controlled  and  attutturall'- 
at  Iff  teat  apparatus  In  order  to  aaacaa  the  pre¬ 
dictive  capahlUtlea  of  nonlinear  conputatlonal 
analyaia  techniques.  The  objective  In  theae  expe- 
rltarrta  waa  not  to  obtain  material  propertiea  but 
rather  to  Investigate  load-deformation  response 
behavior  and  strength  characteristics  of  a  atni- 
atructure  subjected  to  the  conplea  states  of  non- 
proportional  loading ‘laposed  by  the  direct  shear 
teat.  The  specimens  were  loaded  to  failure  under 
displacement  control  and  constant  normal  load. 

The  complete  spectrum  of  structure  as  well  as 
material  responses  were  observed  Including  pre¬ 
peak  elastic-hardening  plastic,  post-peak  strength 
strain-softening,  and  localisation  of  deformation 
Into  a  ahear  band  and  continued  shear  gilding  at 
a  residual  strength  levels 


INTRODUCTION 

Th-  direct  shear  translation  teat  has  In  the 
past  often  been  used  rather  frlvolouuly  to  eval¬ 
uate  baste  strength  properties  as  well  as  shear 
stress-shear  displacement  response  behavior  of 
concrete  and  gaomaterlala.  It  has  generally  been 
aasuned  that  the  normal  and  ahear  atreaaes  were 
uniformly  distributed  on  the  tnpoaed  ahear  plane. 
However,  It  la  well  established  that  both  strain 
and  strata  distributions  within  Initially  homogene- 
ouasclld  test  samples  are  highly  nonuniform  during 
the  experiment.  The  magnitude  of  the  principal 
streaaet  varies  nonprop rt tonally  In  the  specimen 
and  the  principal  strea*  directions  rotate  with 
respect  to  the  material  fabric  to  unknown  extent! 
during  the  shearing  process,  which  In  turn  result 
in  pronounced  stress  or  deformation  induced  aniso¬ 
tropy.  The  overall  aawpla  response  behavior  there¬ 
fore  conatltutea  a  combined  reaponae  of  a  material 
that  undergone  brittle  and  ductile  fracture  In 
tension  and  shear  gliding.  Proper  material  charac¬ 
terisation  for  the  purpose  of  obtaining  basic 
engineering  propertiea  require  homogeneous  strain 
and  atreta  states  In  the  tost  specimen,  and  these 
do  not  exist  In  the  direct  shear  test.  This  test 
Is  also  highly  sensitive  to  boundary  conditions 
and  the  manner  with  which  a  centric  or  non-centrlc 


tangentl.il  ahear  toad  la  applied  with  respect  to 
the  ahear  plane.  Several  authors  have  discussed  the 
merits  cf  the  direct  shear  test  |1-A).  The  ahear 
teat  has  b^en  found  to  be  a  valuable  tool  for  In¬ 
vestigating  residual  strength  characteristics  of 
materials  where  shear  banda  or  fracture  tones  al¬ 
ready  exist.  It  has  also  teen  successful  use  for 
studying  Interface  behavior  between  anils  and 
structural  materials  such  aa  steel  and  concrete. 

Th-a  aspect  has  bean  reviewed  bv  'east  |S). 

In  view  of  theae  consideration*  it  waa  decided 
to  adopt  the  direct  shear  teat,  not  ti  a  test  for 
engineering  properties,  |gt  as  a  miniature  structure 
teat  where  the  boundary  conditions  can  be  carefillv 
controlled  and  where  complex  ctatea  of  tensile 
cracking  and  ahear  fracture  can  be  studied.  The 
direct  she.ir  atructurq  teat  constitutes  a  controlled 
environment  where  th*  entire  apectria  of  th*  struc¬ 
ture's  and  Its  material's  responses  can  be  followed 
through  the  elaatlt,  hardening  plastic,  fracture, 
post-peak,  strain-softening,  and  reeidual  strength 
states.  Investigations  of  brittle  and  ductile 
fracture  transltlona,  progressive  danege  accumul¬ 
ation  and  localisation  of  deformation  In  narrow 
■hear  banda  In  conjunction  with  degrading  atresa- 
■tarln  or  load-displacement  relationships  require 
a  very  stable  last  system. 

The  general  objective  in  thla  raaaarch  effort 
baa  baan  to  compare  the  maaaured  response  behavior 
to  the  computations’  analyaia  predictions  and  to 
evaluate  the  capability  of  the  so-called  smeared 
fracture  approach  for  describing  progressive  damage 
and  frictional  sliding  along  narrow  ahear  banda. 

If  this  la  achieved  In  the  complex  environment  of 
-.the  direct  ahear  teat,  it  la  asserted  that  thP 
computational  analyaia  algorithm  can  model  almost 
any  three-dimensional  boundary  value  problem 
Involving  brittle  and  ductile  materials.  The  pres¬ 
ent  paper  covers  apparatus  description  and  the 
experimental  technique  used  In  the  project.  The 
ccmputational  aspects  of  this  investigation  are 
described  in  the  companion  paper  by  Viliam  [61. 

EXPERIMENTAL  APPARATUS 

The  experiments  ware  conducted  In  the  high 
precision  direct  abaar  device  shown  in  Pig.  1. 

The  apparatus  consist*  of  loading  actuators,  normal 
and  ahear  load  reaction  frames,  normal  and  lateral 
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loading  fixture*  Rhovn  in  Fig,  2.  the  top  end 
bottcs  shear  box  compartments  shewn  In  I'lp.  ) 
receive  20,1  x  20.  1  x  10.2  cat  (8  x  ft  x  *  In.) 
samples  »f  prismatic  shape.  In  ana*  Instances 
the  specimen  width  hat  been  as  snail  as  10.2  ca 
rather  than  20.3  ca.  The  notched  and  un-notched 
specimen*  were  fused  to  the  shear  box  compart- 
aents  by  aeans  of  structural  »poxy  and  convent¬ 
ional  sulphur  capping  compound.  In  order  to  mini¬ 
mize  a  react Wc  moment  about  the  average  shear 
plane  rhe  shear  l.ox  is  positioned  In  the  holding 
fixtures  and  apparatus  support  syatea  so  that  the 
applied  lateral  shear  load  and  restraining  action 
lie  in  the  plane  of  induced  shear  failure.  The 
top  shear  box  compartment  and  holding  fix.  i.'e 
remain  stationary  in  the  horizontal  direction 
during  shearing,  while  rhey  are  allowed  to  trans¬ 
late  vertically.  This  feature  facilitates  oberva- 
tlon  of  dllataney.  The  restraining  action  In  the 
horltontal  direction  la  provided  by  means  of  a 
very  stiff  horizontal  load  support  frame,  which  in 
turn  Is  connected  to  an  extreaely  stiff  structural 
floor  bv  means  of  heavy  bolts.  The  top  holding 
fixture  together  vlth  the  top  shear  box  compart¬ 
ment  can  also  undergo  aaall  roll  and  pitch  move¬ 
ments  in  addition  to  the  verticil  translation. 

At  present  only  one  average  vertical  displacement 
has  been  monitored  by  means  of  a  Linear  Variable 
Differential  Transformer  (LVDT) .  It  Is  planned  to 
use  three  LVDTs  At  a  later  atage  In  order  to  de¬ 
fine  the  rotational  rtovementx  of  the  top  portion 
of  the  specimen  during  and  after  fracture.  It  la 
alao  possible  to  lock  the  top  entirely  agalnat 
rotations  as  well  as  vertical  translation.  The 
latter  can  be  achieved  through  displacement  con¬ 
trol  of  the  vertical  actuator.  Servo-controlled 
hydraulic  HTS-actuators  having  735  kM  (165  kip) 
capacity  In  the  normal  direction  and  156  kM  (35 
kip)  lu  the  tangential  direction  were  used.  The 
bottom  shear  box  compartment  and  holding  fixture 
have  shapes  and  atlffneaa  properties  that  are 
similar  to  the  top  components.  The  bottom  sheer 
holding  fixture  la  supported  by  two  rows  of  heavy 
roller  bearings  which  allow  tranalatory  motion  of 
several  centimeters.  The  bottom  holding  fixture 
la  connected  to  the  tangential  load  actuator  by- 
means  of  a  large  and  stiff  load  transfer  block 
(Fig.  2).  The  NTS  control  system  "an  operate  the 
apparatus  under  very  slow  or  high  displacement 
rates.  Dynamic  testa  or'  rock  joints  sub  jeered  to 
large  normal  stresses  and  large  relative  displace¬ 
ments  have  been  successfully  conducted  In  this 
device  at  frequencies  ranging  from  nearly  0  to 
10  Hz.  Figure  3  shows  a  schematic  Illustration  of 
Che  NTS  and  apparatus  control  system.  The  NTS 
hydraulic  actuators  operate  Independently  In  sepa¬ 
rate  closed- loop  control  systems .  The  Series  20u 
NTS  actuitors  are  equipped  vl;h  Series  252  servo¬ 
valves;  Series  661  fatigue-resistant  load  cells; 
Internal  LVDTs;  and  swlval  heads  and  basea.  The 
control  console  Is  equipped  with  the  following 
components;  630  digital  Indicator,  i36  control 
unit,  610  digital  function  ganerator,  and  two  406 
controllers,  which  are  operated  Independently. 
Prior  to  testing  a  selection  of  force  or  displace¬ 
ment  control  for  each  606  controller  must  be  made. 
Once  the  node  of  operation  has  bean  decided,  the 
proper  feed-back  signal  provided  by  the  internal 


LVDT  or  load  cell.  Is  compared  with  the  Input  sig¬ 
nal.  If  the  signals  sre  not  equivalent,  action  Is 
taken  by  the  servo-valve  to  equilibrate  the  two 
signals.  This  Is  the  basic  feature  of  the  closed- 
loop  system. 

A  Hewlett  Packard  30  5  6  A  Autcxxatlc  Data  Acqui¬ 
sition/Control  System  controlled  by  s  HP  4825  T 
desk  top  computer  was  used  as  the  primary  control 
and  dnta  acquisition  system.  The  3056  A  system  con¬ 
tains  s  HT  3437  A  System  high  speed  voltmeter  and 
a  HP  3447  A  Data  unit  scanner.  The  data  collected 
by  the  HP  3054  A  system  were  transmitted  to  the 
HP  4825  T  computer  and  stored  on  tape.  Real-time 
observations  of  load- deformation  and  strength 
behavior  wts  recorded  by  means  of  an  Esterline 
Angus  xyy*  540  plotter.  The  relative  shear  disp¬ 
lacement  was  measured  by  meins  of  two  500HR-DC 
Schaevita  LVDTs  whose  feeler  rods  were  Inserted 
ln-'.o  the  sarvle  as  depicted  in  Fig.  4.  T'  -  LVDT* 
were  connected  'n  aeries. 

EXPERIMENTAL  TECHNIQUE  AND  RESVLTS 

Notched  and  un-nocched  plain  concrete  prismatic 
specimens  having  unconfined  compressive  strengths 
(f)  ranging  from  26.2  MPa  to  28  HFa  and  unconfined 
tefUile  strength  ( f * >  of  4.1  MTs  were  Initially 
aubjccted  to  nominal  normal  atresa  states  that  var¬ 
ied  between  0.64  MPa  and  6.4  MFa  (100-1000  pal) 
prior  to  shearing.  The  lateral  load  waa  increased 
In  displacement  control  at  a  constant  rate  of 
0.05  am/a. 


Fig.  1  large  capacity  direct  shear 
apparatus 
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Fig.  2  Spaclaan  holding  fixture*  and 


-  Applied  ahaar  load 

■  Reaction  f raae  load 

-  Shear  load  tranaalttlng  block 

-  Top  reaction  fraae 

-  Top  support  plate 

-  I'pper  apeelaen  a  he  At  box  ct«partaent 

-  Lower  apectaan  ahaar  boa  coapartaant 

-  Spectaen 

-  bottoa  support  plate 

-  Roller  bearing  export  guide* 

-  Channel  houaing 

-  Support  pins 

-  Roller  bearing* 


shear  boa  coapartaenta 


rig.  3  Schaaatic  dlugraa  ot  apparatus  and  load  control  ryitaa 
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The  notched  and  un-notc 'm  specimen*'  widths  varied 
between  If. 2  cm  and  20,4  cm  (4-8  In.),  whereas 
lengths  and  heights  were  maintained  constant  at 
20.4  ,a  and  10.2  cm  l,i  all  tests.  All  specimens 
were  sawcot  to  final  site  fror,  over-tlae  castings. 
The  exterior  side  faces  of  the  specimen  were  ex¬ 
posed  for  visual  and  photographic  observation. 

Shear  displacement  measurements  were  obtained  by 
LVPTa  mounted  on  control  rode  embedded  in  the  speci¬ 
men  through  ports  in  the  top  end  bottom  shear  box 
compartments.  The  spacing  between  the  parallel  rods 
Varied  between  1.8  cm  and  10.2  cm  In  the  tests,  (hi 
one  occasion  the  rods  penetrated  into  the  tensile 
fracture  gone.  Figures  4  a  and  b  show  the  notched 
ar.d  un-notched  specimens  within  the  shear  box  com¬ 
partments.  The  feeler-rods  are  shown  In  Fig,  4a. 

The  specimen  was  notched  at  two  opposite  fares 
with  90°  and  1.27  cm  (0.5  in.)  deep  grooves  in 
order  to  Induce  high  stress  concentrations  near 
the  ends.  Figure  4a  also  shows  the  finite  element 
mesh  idealization  used  in  modeling  the  notch- d 
specimen  test. 

Specimen  failure  Initiated  die  to  tenalle 
cracking  rather  than  shear  slip  in  both  the  notch¬ 
ed  and  un-notched  testa.  This  happened  before 
anv  shear  band  formation.  Crack  openings  were 
visible  before  shear  failure  took  place  in  the 
center  regime.  Cracking  also  took  place  outside 
the  notches,  and  fracture  propagation  from  the 
notch  surfaces  onlv  took  place  after  significant 
crack  development.  Pronounced  inclined  cleavage 
cracks  later  developed  across  the  notched  section. 

In  both  specimen  categcries  the  tensile  stress 
state  was  responsible  for  ultimate  failure,  al¬ 
though  the  nominal  compressive  stress  on  the 
•hear  surface  was  much  higher  In  the  un-notched 
case.  Tensile  cracking  occurred  under  verv  small 
relative  displacements,  while  shear  fracture  and 
subsequent  gliding  took  place  urdcr  relatively 
targe  displacements.  The  shear  fracture  propagation 
was  rather  slow  in  comparison  with  the  tensile 
cracking  events.  Figure  5  shows  photographs  of 
the  notched  specimen  prior  to  and  after  failure 
and  the  exposed  bottom  o(  the  failed  specimen 
after  test  disassembly. 


Fig.  4a  Direct  shear  box  compartment  for 

notched  specimen  and  LV’DT  gage  rods 


(side  view) 


(top  view) 


Fig.  4b  Direct  shear  box  compartment  for  un- 
notched  apecl:aen 


(specimen  before  failure) 


(specimen  after  failure) 

Fig.  >  Fallu.'e  behavior  of  notched  concrete 
epeciaen 
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Ft*.  3  [continued!  Failure  behavior  of  notched 
concrete  apeciaen 

Ho  debonding  was  observed  between  sp*c laens 
and  thear  bon  coapartaent*  after  the  testa,  loth 
apeciaen  categories  exhibited  nearly  linear 
elastic  behavior  before  reaching  peaV  strength. 

The  nonlinear  shear  stress-displaceaent  response 
la  most  pronounced  in  the  un-notched  apeciaen. 

Upon  continued  shearing  the  lateral  force  decreas¬ 
ed  In  both  apeclaens  until  a  residual  strength 
level  was  reached.  The  rate  of  softening  and  the 
residual  strength  levels  are  quite  different  due 
to  the  applied  normal  loads  which  were  14)  kN  In 
the  un-notched  case,  which  resulted  In  a  nominal 
normal  stress  of  6.9  MFa  (1000  psl),  and  24.9  Ui 
In  the  notched  caae.  which  reaulted  In  a  nominal 
normal  atress  of  0.69  HP  a  (100  pal).  The  residual 
friction  angle  (tf  )  In  hoth  cases  was  found  to  be 
35°.  The  stlcV-allp  pattern  on  the  ahear  stress- 
shear  displacement  response  curves  shown  In  Figs. 

6  and  7  indicates  that  shearing  and  crushing  of 
clasts  are  far  more  pronounced  for  the  high 
confinement  un-notched  apeciaen  than  for  the  low 
confinement  notched  apeciaen.  The  un-notched  epecl- 
nen  was  subjected  to  a  snail  unloading-reloading 
cycle  at  approx.  702  of  peak  strength  and  signi¬ 
ficant  permanent  inelastic  deformation  was  observed. 
It  should  also  be  noted  that  the  relative  displace¬ 
ments  were  recorded  by  bsvlng  the  LVDT  neusurcnent 
rods  J.3  ca  apart  In  the  notched  apeciaen  teet  and 
1C. 2  ca  apart  in  the  un-notched  apeciaen  teat. 

The  apparatus  and  teat  apeciaen  configuration 
was  essentially  atabla  throughout  the  shearing 
process,  although  energy  releases  in  the  post-peak 
•train-softening  branch  of  the  stress-displace- 
aent  response  dlagraaa  indicate  rate  Increases. 
Real-time  xyy*  plot*  of  the  events  also  gave  this 
inpress Ion.  nevertheless.  It  is  maintained  that  the 
atrain-aoftentng  branches  in  Figs.  6  and  7  repre¬ 
sent  true  behavior  of  the  concrete  ainlature 
structure  subjected  to  defined  boundary  conditions. 


accahvt  latcsac  0SK.acrMCWT .  Kf'an 


Fig.  6  Shear  stress-relative  displacement 

response  be.iavlor  for  notched  speclncn 
(nominal  normal  stress  660  kP«) 
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RELATIVE  LATERAL  DISPLACEMENT,  10* 1  hi 


Fig.  7  Shear  strsss-relatlve  displacement 

response  behavior  for  un-notched  apeciaen 
(nominal  normal  atraaa  6.9  MFa) 


CONCLUSIONS 


It  has  been  demonstrated  that  the  direct  shear 
teat  nay  constitute  a  favorable  environment  for 
evaluating  load-displacement  as  well  as  nominal 
shear  stress-relative  displacement  response  beha¬ 
vior  of  small  prismatic  or  other  regularly  shaped 
miniature  structures  of  concrete  or  geomaterials 
for  the  purpose  of  callbracing  computational  analy¬ 
sis  procedures  as  well  as  constitutive  models. 

The  prismatic  direct  sheer  specimen  is  subjected 
to  complex  stress  states  that  vary  throughout  the 
experiment,  issues  related  to  tensile  cracking  and 
shear  gliding  as  well  as  their  interactions  can 
be  investigated  in  this  test.  The  computational 
considerations  associated  with  these  experiments 
are  described  by  Ulllam  [6]. 
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ABSTRACT 

The  naln  purpose  nf  this  study  Is  to  assess 
the  current  computational  Mthods  for  predicting 
the  failure  behavior  of  concrete  and  geoMterlals 
In  the  fona  0'  tensile  cracking  and  frictional 
slip.  The  paper  concentrates  on  the  peak  and 
post-peak  response  of  plain  concrete  In  shear 
which  Is  aodeled  by  the '^SMaredt ' finite  element 
approach  In  which  localized  failure  zones  are  dis¬ 
tributed  over  a  finite  Mterlal  region  with  soft¬ 
ening  Mterial  properties.  The  computational 
results  are  cohered  with  experfMntal  observa¬ 
tions  of  plain  concrete  spcclMns  which  are  tested 
In  the  large  capacity  servo-controlled  direct 
shear  apparatus  described  by  S.  Sture  In  the 
companion  paper^ 

/INTRODUCTORY  REMARKS 

In  view  of  the  laportance  of  ductility  to 
structural  safety  a  comprehensive  research  project 
was  recently  Initiated  at  UC,  Boulder  to  examine 
different  forms  of  local  material  failure  and 
their  effect  on  the  response  of  the  overall  struc¬ 
ture.  The  main  purpose  of  this  work  is  to  scru¬ 
tinize  the  value  of  the  current  computational 
strategies  to  predict  progressive  Mterlal  Instab¬ 
ilities  wlthlr  the  structure  up  to  collapse  of  the 
entire  configuration.  Considerable  criticism  was 
voiced  In  the  past  whether  the  so-called  ‘smeared 
approach*  was  capable  to  provide  reliable  predic¬ 
tions  of  structural  failure.  This  coaputatlonal 
Strategy  Is  normally  adopted  because  the  complex 
fracture  process  can  be  readily  accomodated  within 
traditional  procedures  for  nonlinear  Mterlal 
behavior  In  the  form  of  an  equivalent  strain  soft¬ 
ening  model.  In  this  way  progressive  Mterlal 
damage  My  be  accounted  for  In  a  conventional 
finite  eleMnt  program  In  the  form  of  an  averaging 
technique  for  highly  localized  deforMtlons, 
discrete  cracks  and  shear  bands  within  the 
structure. 

Clearly  local  Mterlal  failure  Implies  In 
reality  a  change  In  the  topology  of  the  struc¬ 
ture.  Therefore,  the  alternative  discrete  frac¬ 
ture  approach  Incorporates  these  discontinuities 
right  from  the  beginning  within  the  structural 
Idealization.  However,  In  three-dlMnslonal  com¬ 
ponents,  the  discrete  fracture  analysis  Involves 
definition  of  an  Initial  fracture  surface  and 
'dhsequent  propagation  with  continuous  changes  of 


the  structural  topology  which  simply  overtaxes 
current  computational  facilities.  Moreover,  the 
specification  of  the  underlying  criteria  for 
fracture  Inttatlon  and  propagation  as  well  as  the 
definition  of  prevalent  Interface  conditions 
Introduce  additional  constitutive  difficulties 
similar  to  the  softening  formulation  In  the 
smeared  approach. 

As  a  result  of  these  controversial  issues  It 
Is  Mndatory  to  scrutinize  the  shortcomings  and 
limitations  of  the  sMared  and  discrete  failure 
models  In  the  light  of  exrerlMntal  evidence.  To 
this  end  plain  concrete  specl wens  were  tested  In 
the  large  capacity  direct  shear  apparatus  which 
was  developed  by  S.  Sture  at  the  University  of 
Colorado,  Boulder  [1]  and  which  covers  the  full 
spectrum  of  tensile  cracking  and  frictional  slip 
modes  Of  failure.  The  direct  shear  specimen  forms 
In  reality  a  structural  configuration  rather  than 
a  Mterial  sample  because  of  the  non-uniform  state 
of  stress  resulting  from  the  complex  boundary 
conditions  as  well  as  localized  Mterlal  fillup. 
In  fact  the  servo-controlled  test  set-up 
reproduces  the  stress  transfer  of  highly 
Indeterminate  structures  and  covers  the  entire 
response  regime  including  the  post-peak  behavior 
down  to  the  residual  strength  response. 

RELATED  RESEARCH 

Due  to  rapidly  Increasing  deMnds  In  computa¬ 
tional  mechanics  and  the  electronic  revolution  in 
testing  extensive  research  efforts  are  currently 
devoted  to  Investigate  failure  in  three  areas: 

(1)  NIcroMchanlcs  of  the  underlying  ductile 
fracture  process 

(11)  Constitutive  modeling  of  the  Mterlal 
behavior  for  SMared  and  discrete  failure 
studies 

(ill)  Analysis  of  structural  failure  within  the 
SMared  strength  of  Mterlal s  and  the 
discrete  fracture  mechanics  approach 

For  brevity  only  those  contributions  are 
cited  here  which  are  of  ImMdlate  concern.  The 
direct  shear  test  Is  probably  the  oldest  and  most 
controversial  experlMnt  ever  since  It  ms  adopted 
by  CouloM  to  study  shear  In  soils.  The  under- 


lying  morphology  and  mechanics  of  discontinuities 
In  the  failure  zone  were  examined  among  others  by 
Horgenstern  and  Tchalenko  [23  in  overconsol  1  dated 
clays.  In  a  recent  paper  Vallejo  [3]  recognized 
that  the  development  of  shear  bands  Is  the  result 
of  different  crack  discontinuities  rather  than 
uniform  frictional  slip,  in  fact  he  claims  that 
the  formation  of  crack  discontinuities  precludes 
application  of  toe  Coulomb  failure  theory  or 
alternative  continuum  models.  Based  on  linear 
elastic  fin(;e  element  analysis  of  toe  direct 
shear  test  Kutter  [4]  noticed  previously  that 
tensile  stresses  remain  Insignificant  for  ratios 
of  normal  to  tangential  loading  N/T  >1.  Moreover, 
he  observed  for  the  field  of  rock  mechanics  that 
the  direct  sheer  experiment  on  solid  test  samples 
is  really  not  meaningful  since  toe  direction  of 
Initial  slip  surfaces  does  not  coincide  with  the 
enforced  direction  of  failure.  As  a  result  the 
direct  shear  test  Is  certainly  not  the  simple 
material  test  originally  Intended  and  thus 
requires  a  full  stress  analysts  of  the  specimen 
similar  to  realistic  structural  components. 

Palmer  and  Rice  [5]  adopted  a  discrete  frac¬ 
ture  mechanics  approach  for  modeling  ths  behavior 
of  concentrated  shear  bsnds  In  order  to  Interprete 
strong  size  effects.  On  the  computational  front 
Cleary  and  Dong  presented  recently  a  discrete 
Interface  model  for  failure  In  geological  mater¬ 
ials  [6]  combining  finite  elements  with  a  surface 
Integral  technique  considering  the  effect  of  a 
stationary  shear  band  along  a  predetermined  zone 
of  weakness. 

A  fundamentally  different  approach  was  pur¬ 
sued  by  Rice  et  al  [7.8]  who  studied  toe  localiza¬ 
tion  of  deformation  Into  a  shear  band  In  the  form 
of  constitutive  Instabilities  in  homogeneous 
deformations.  Following  the  mathematical  theory 
of  bifurcation  and  uniqueness  due  to  Hill  they 
established  conditions  for  material  stability  and 
found  a  high  sensitivity  with  regard  to  "normal¬ 
ity"  and  rate  effects.  Along  similar  lines 
Vardoulakls  [9],  Vermeer  [10]  and  Darve  [11] 
determined  very  recertly  the  critical  orientation 
of  shear  bands  In  simple  test  configurations.  In 
analogy  to  the  linearized  buckling  analysis  of 
structures  these  material  stability  studies  yield 
the  Incipient  failure  mode  for  a  homogeneous 
deformation  state.  However,  In  this  form  they 
provide  no  Insight  Into  the  redistribution  capa¬ 
city  and  reserve  strength  of  realistic  structures 
with  slow  contained  propagation  of  material  Insta¬ 
bilities  within  complex  structural  configurations. 

On  the  computational  front  It  1$  Intriguing 
that  the  first  finite  element  studies  of  reinforc¬ 
ed  concrete  structures  followed  the  discrete  crack 
approach,  see  e.g.  the  state-of-the-art  report  in 
ref.  [12].  Recently,  this  methodology  has  been 
newly  Interpreted  In  terms  of  the  underlying  frac¬ 
ture  mechanics  concepts  by  Hlllerborg  et  al  [13], 
Ingraffta  et  al  [14]  developed  on  this  basis  a 
discrete  fracture  analysis  program  for  two-dimen¬ 
sional  applications  with  sophisticated  interacii'? 
remeshing  capabilities.  However,  the  bulk  of 


computational  studies  relied  on  the  alternative 
smeared  failure  approach.  The  essential  short¬ 
coming  of  this  strategy  was  retrofitted  only 
recently  by  Bazant  et  al  [IS,  16]  who  adopted  toe 
fracture  energy  concept  In  order  to  account  for 
size  and  gradient  effects.  The  strain  softening 
branch  for  tensile  cracking  depends  in  this  case 
on  the  mesh  size  in  order  to  Insure  mesh-1 ndepend- 
ent  release  of  fract'ire  energy  as  (allure  propa¬ 
gates.  For  frlctlor.ul  slip  and  the  r?1xed  modes  of 
failure  a  rational  concept  for  simultaneous  soft¬ 
ening  of  the  cohesive  and  tensile  strength  values 
Is  still  missing  and  Is  therefore  an  immediate 
objective  of  the  current  investigation. 

COMPUTATIONAL  STUDY 

Preliminary  results  of  the  current  research 
were  presented  In  ref  [17]  which  contained  a 
detailed  substructure  analysis  of  the  entire  shear 
box.  The  purpose  was  to  define  appropriate  bound¬ 
ary  conditions  for  the  actual  test  specimen  which 
was  sheared  under  displacement  control  In  order  to 
capture  the  softening  regime  (relative  tangential 
displacements  between  the  upper  and  lower  halves 
of  the  shear  box).  Fig.  1  shows  a  typical  finite 
element  Idealization  of  toe  entire  shear  box  which 
Includes  the  notched  concrete  specimen,  the 
capping  compound,  the  steel  box  and  the  loading 
frame. 

In  the  main  portion  of  ref  [17]  experimental 
data  of  the  direct  shear  test  were  compared  with 
the  finite  element  solution  using  the  smeared 
approach.  One  principal  outcome  of  this  study  was 
that  toe  direct  shear  test  of  concrete  was  in 
reality  a  tension  test  for  the  ratio  of  normal  to 
tangential  loading  N/T  »  1/6  at  failure.  More¬ 
over,  the  shear  test  specimen  behaved  like  a 
structural  component  with  considerable  redistribu¬ 
tion  capacity  because  of  contained  material 
Instabilities  due  to  the  confinement  of  the  shear 
box.  The  Mohr-Coulomb  model  with  tension  cut-off 
in  Fig.  2  [18]  reproduced  fairly  well  the  overall 
response  behavior  shown  in  Fig.  3  with  material 
parameters  which  were  obtained  from  separate 
material  tests.  As  a  result,  the  direct  shear 
test  could  be  utilized  to  verify  the  computational 
strategy  for  predicting  structural  response 
behavior  In  the  pre-  end  post-  peak  regime. 
Clearly,  the  smeared  approach  did  not  model  the 
localization  of  deformation  Into  the  discontinuous 
failure  band  shown  in  [17],  however,  it  was  able 
to  capture  the  stress  redistribution  and  the 
propagation  of  material  failure  In  the  form  of 
tensile  cracking  and  frictional  slip  within  the 
structure,  see  Figs.  4  and  5.  Although  the 
fracture  energy  concept  for  tensile  cracking 
furnished  a  rational  concept  for  strain  softening 
as  function  of  mesh  size  It  did  not  resolve  the 
fundamental  short-comings  with  regard  to 
localization.  Moreover,  a  comprehensive  theory 
for  different  fracture  modes  Is  still  lacking,  in 
particular  for  mode  *2  type  shear  failure  which  Is 
of  primary  Interest  In  this  context. 

To  this  end  a  series  of  direct  shear  tests 
are  currently  on  the  way  which  are  described  In 
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the  companion  paper  [1].  For  different  N/T 
loading  ratios  the  r.itlre  failure , spectrum  1$ 
covered  from  predominantly  tensile  cracking  to 
frictional  slip. 

The  study  below  shows  computational  results 
for  the  second  test  series.  The  particular  case 
Is  examined  in  which  the  shear  box  Is  preloaded 
with  a  constant  vertical  pressure  of  pn  *  1  ksl 
which  corresponds  to  a  load  ratio  of  N/T  -  1  at 
failure.  The  Idealization  of  the  shear  box  Is 
shown  in  Fig.  6  with  129  plane  strain  elements 
interconnected  by  1105  degrees  of  freedom.  As 
before  [17]  the  shear  specimen  as  well  as  the 
shear  box  are  Included  In  the  Idealization  In 
order  to  ensure  centric  application  of  the  tangen¬ 
tial  force  In  the  prevailing  shearing  plane.  The 
initial  test  set-up  was  slightly  modified  to 
accoamodate  test  specimens  of  different  width. 

The  actual  size  of  the  hexahedral  specimen  Is  In 
this  case  L*H*W  >  8.0  x  A. 5  x  3.0  In.  The  con¬ 
crete  specimen  Is  fastened  to  the  steel  box  with 
an  epoxy  layer  which  assures  full  bond  even  on  the 
tensile  side  walls.  The  material  properties  were 
determined  with  a  series  of  Independent  uniaxial 
and  trl axial  concrete  tests  yielding  the  following 
values 

Elastic  Stiffness:  E  »  3000  ksi 

v  *  0.20 

Strength  Values:  *  4.7  ksl 

f\  »  0.5S  ksl 
c  *  1.0  ksl  and  a  *  40* 

In  the  post-peak  regime  different  softening 
models  are  currently  examined  along  the  fracture 
energy  concept,  whereby  brittle  collapse  and  plas¬ 
tic  yielding  of  the  tensile,  cohesive  and 
frictional  strength  values  are  limiting  cases. 

The  resulting  shear  beh*v1or  of  the  brittle 
strategy  Is  reproduced  In  Fig.  7  In  terms  of  the 
nominal  shear  stress  on  the  prevailing  shearing 
plane  and  the  relative  tangential  motion  of  the 
lower  steel  box  against  the  upper  one.  In  this 
case  the  residual  strength  values  for  tension  and 
cohesion  are  instantaneously  reduced  to  zero  when 
the  stress  path  penetrates  the  failure  surface 
while  the  residual  friction  angle  Is  reduced  to 
g.  •  34*.  The  response  curve  clearly 
Illustrates  the  effects  of  local  material 
Instabilities  In  the  form  of  oscillations  before 
the  overall  degradation  of  strength  takes  place 
down  to  the  residual  strength  level  due  to 
Internal  friction. 

Fig.  8  shows  the  deformed  mesh  for  the  load 
point  In  the  peak  regime  where  6*  •  20.9  x  10*’ 

In.  Together  with  the  plots  of  displacement 
vectors  and  principal  stresses  In  Figs.  9  and  10 
this  problem  Illustrates  clearly  the  stress 
redistribution  Into  axlel  thrust  action  between 
the  compressive  side  walls  during  progressive 
shearing  and  the  extent  of  localized  deformations 
In  the  specimen.  In  contrast  t'  the  usual  notion 
of  a  horizontal  shear  band  1r.  peomaterlals  the 
failure  planes  are  In  this  case  Inclined  parallel 


to  th*  direction  of  minor  principal  stress  and  a 
horizontal  mode  of  frtctlnnal  slip  develops  only 
In  the  final  state  of  shearing.  As  a  result  this 
example  demonstrates  some  of  the  limitations  and 
capabilities  of  the  smeared  approach. 

CONCLUDING  REMARKS 

The  computational  study  clearly  Illustrates 
the  complex  failure  mechanisms  of  plain  concrete 
subjected  to  shear.  As  a  result  the  direct  shear 
test  Is  not  a  simple  experiment  for  determining 
the  stiffness  and  strength  characteristics  of  a 
material.  It  Is  rather  a  structural  configuration 
In  which  considerable  stress  redistributions  take 
piece  In  the  pre-  and  post-peak  regime.  Nlthln 
limits  the  smeared  approach  models  fairly  well  the 
propagation  of  local  material  Instabilities  due  to 
tensllt  cracking  and  frictional  slip  within  the 
structural  configuration.  However,  it  does  not 
reproduce  the  localization  of  dlicontlnulties 
failure  zones  except  for  a  continuous  band  of 
failed  elements  with  similar  orientation  of  the 
individual  fracture  planes. 
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FIG.  2  SOFTENING  HOHR-COULOHB  MODEL 
WITH  TENSION  CUT-OFF 
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FIG.  3  SHEAR  RESPONSE  FOR  LOAD  RATIO  N/T  -  1/S 
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ABSTRACT 

The  design  ind  Implementation  of  large- 
scale  testing  equipment  for  liquefaction 
studies  of  neir  surface  siturited  sends  Is 
reported.  The  test  results  cm  be  used  to 
determine  material  properties  required  for  the 
development  of  constitutive  relationships 
cipeble  of  describing  the  behavior  of  satur- 
ated  sands  during  dynamic  loading. 

Specimens  of  saturated  Ottawa  sand  16 .5  cm 
by  IS  cm  by  122  cm  were  tested  and  measurements 
of  sample  pore  mater  pressure  and  accelerations 
taken  during  shaking.  Results  if  the  liquefac¬ 
tion  tests  have  shown  that,  although  qualita¬ 
tive  agreement  is  achieved  between  the  results 
Of  this  program  and  those  obtained  In  earlier 
Investigations,  the  onset  of  liquefaction  as 
measured  In  this  study  takes  place  at  much 
higher  stress  levels  than  previously  reported. 

1 

INTRODUCTION 

The  cyclic  behavior  of  soils  has  attracted 
considerable  attention  and  extensive  research 
over  the  last  two  decades,  due  mainly  tr  the 
extensive  damage  observed  In  the  Alaska  and 
Niigata  earthquakes  in  1964  (1),  and  to  thn  more 
recert  findings  on  the  detrimental  effects  of 
blast-induced  liquefaction  (2).  Liquefaction,  as 
the  term  Is  used  In  this  report,  describes  the 
complete  loss  of  shearing  strength  of  sands  re¬ 
sulting  from  an  Increase  In  pore  water  pressure. 
This  Increase  In  pore  water  pressure  Is  produced 
by  vibratory  loading  under  undrained  conditions. 
Cyclic  shear  stresses  Induce  saturated  sands  to 
compact,  but  compaction  cannot  occur  under  un- 
drained  conditions,  and  this  leads  to  a  transfer 
of  part  of  the  stress  from  the  sand  grains  to 
the  Interstitial  pore  water.  Continued  cycling 
can  lead  to  Increasing  pore  water  pressure  up  to 
the  level  of  the  initial  confining  pressure.  The 
resistance  to  liquefaction  for  sands  has  been 
related  tc  many  factors  but  has  been  found  to  be 
primarily  t  function  of  the  relative  density  of 
the  sand,  the  Initial  effective  confining  pres¬ 
sure  and  the  Intensity  of  vibration. 

A  complete  Investigation  of  the  behavior  of 
saturated  sands  under  dynamic  loading  would  ulti¬ 
mately  take  the  form  of  an  analytical  model  based 
on  fundamental  stress-strain  relationship  for 


sand.  The  formulation  of  such  an  analy'lczl  model 
requires  a  basic  understanding  of  the  liquefaction 
phenomenon,  with  a  clear  definition  of  all  factors 
Involved,  and  an  accurate  representation  of  the 
Important  soil  characteristics.  However,  since 
there  Is  relatively  little  field  data  available 
on  liquefaction,  the  material  constants  and  co¬ 
efficients  which  are  needed  are  determined  from 
laboratory  tests.  Therefore  the  accuracy  and 
applicability  of  any  analytical  method  can  only 
be  determined  by  evaluating  how  accurately  the 
laboratory  tests  used  to  obtain  the  Important  soil 
properties  actually  simulate  field  conditions. 

In  the  early  stages  of  laboratory  reseurch 
work  on  sol!  liquefaction,  the  standard  trlaxla! 
test  apparatus  was  adapted  for  cyclic  testing 
since  It  was  and  still  remains  the  most  widely 
used  laboratory  device  for  measuring  strength. 
While  such  tests  are  relatively  easy  to  perform, 
there  are  several  features  of  the  cyclic  triaxil! 
test  which  restrict  the  applicability  of  results 
obtained  from  tests  using  the  device.  These  fea¬ 
tures  Include:  stress  concentrations  Introduced 
by  the  sample  cap  and  base,  redistribution  of 
water  content  within  samples,  necking  of  samples 
on  the  upward  stroke,  variation  of  the  inter- 
u*d!itc  principal  stress,  and  rotation  through  • 
full  90*  of  the  major  principal  stress  direction 
during  loading.  An  Improvement  over  the  trlaxtal 
test  Is  the  cyclic  simple  shear  test.  In  this  de¬ 
vice  samples  are  horizontally  sheared  In  alternat¬ 
ing  directions  by  applying  a  she.r  stress  to  the 
top  and  bottom  faces  of  the  sample.  The  simple 
shear  device  clearly  provides  stress  conditions  In 
the  laboratory  closer  to  stress  conditions  In  the 
field.  However,  It  also  exhibits  certain  undesir¬ 
able  features  Including:  stress  concentrations 
around  the  central  (one  of  samples,  complimentary 
.shears  not  being  developed  along  vertical  faces  of 
samples,  and  re-orientation  of  principal  stress 
dlrectlcns  causing  patches  of  high  and  low  stress 
along  the  top  and  base  of  samples. 

Since  the  small-scale  laboratory  tests  for 
determining  liquefaction  potential  share  the 
problem  of  close-in  boundaries  adversely  affecting 
sample  behavior,  the  use  of  larger  samples  would 
seem  to  be  the  best  way  of  modeling  “free  field* 
conditions  In  a  sizeable  volume  of  sand.  Thus 
large-scale  tcst.ng  devices  were  Introduced  which 
could  be  mounted  un  a  shaking  table,  and  thus 
provide  an  excellent  means  of  applying  the  required 
cyclic  shear  stresses  to  samples.  Another  advan¬ 
tage  with  large-scale  tests  Is  that  small  trans¬ 
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du«rs  can  be  pieced  Inside  samplts  to  record  the 
pore  pressures,  etc.  wl-.hout  noticeably  effecting 
the  semple  behavior.  Severel  Investlgetlons  have 
hern  performed  using  large  samples  mounted  on 
shaking  tables  Including  programs  at  the  University 
of  California  (1)  and  at  the  University  ot  British 
Columbia  (4).  In  the  tests  uerformed  at  the 
University  of  California,  Seed  et  al .  subjected 
samples  to  tine  varying  motions  on  a  shaking  table. 
Samples  measured  90  Inches  long  by  42  Inches  wide 
4  Inches  high,  and  had  sloped  sides  to  avoid  con¬ 
tact  with  rigid  boundaries.  A  steel-shot  ballast 
was  pl.ced  over  the  sample  to  add  mass  and  simu¬ 
late  i  further  6  inches  of  sand,  thus  achieving 
shear  stress  levels  sufficient  to  liquefy  the 
samples.  However  this  ballast  was  enclosed  In  a 
rlglo  boundary  on  four  sides,  was  separated  from 
the  sample  by  a  membrane,  and  contained  a  material 
of  much  higher  density  than  the  sand.  The  authors 
believe  that  this  ballast  did  not  effectively  sim¬ 
ulate  a  thicker  layer  of  sand,  but  rather  acted 
as  a  "dead  weight,*  Inducing  faster  buildup  of 
pore  water  pressures. 

Thus  the  eMln  aim  of  the  work  reported 
herein  was  to  design  a  testing  system  which  could 
operate  without  the  use  of  a  ballast,  and  could 
apply  either  Isotropic  or  geostatic  (k0)  confine¬ 
ment  to  samples. 

TEST  APPARATUS 

The  basic  criterion  followed  In  designing 
the  apparatus  used  In  the  testing  program  des¬ 
cribed  below  was  to  make  an  assessment  of  the 
merits  of  previously  used  large-scale  equipment, 
attempting  to  Improve  upon  their  ability  to  sim¬ 
ulate  »  re  field  conditions,  and  to  Incorporate 
newly  developed  miniaturised  transducers.  The 
test  chamber  or  "box'  designed  by  the  authors  Is 
Illustrated  in  Figure  1  below. 


Figure  1 :  Test  Chamber  mounted  on  Shaking  Table 
with  lid  removed. 

Test  specimens  measured  112  cm  (48  inches)  long  by 
IS  cm  (6  Inches’,  wid*  by  16. S  cm  (6.5  tnches) 
high,  giving  a  length- to- height  ratio  In  the  order 
of  10:1  as  proposed  by  Arango  and  Seed  (5)  for 
minimization  of  end  effects.  All  parts  of  the 
test  chamber  were  made  of  aluminum  to  minimize  the 


total  weight.  Samples  were  built  while  supported 
by  retractable  Inner  side  walls,  which  after  apply¬ 
ing  the  confining  pressure  to  the  sample  could  be 
drawr  back,  enabling  the  specimen,  to  deform  free¬ 
ly  under  shaking  In  plane  strain  conditions.  Sev¬ 
eral  holes  were  drilled  through  these  inner  walls 
allowing  transmittal  of  confining  fluid  to  the  sam¬ 
ple  (see  figure  1).  Iwo  separate  fiber  reinforced 
rubber  membranes  were  jsed  to  seal  the  specimen, 
one  flat  sheet  to  seal  the  top  of  the  sample  from 
the  lid  and  a  long  open  rectanguler  bag-shaped 
membrane  to  seal  the  base  and  sides  of  the  sample. 
Sealing  the  top  of  the  sample  separately  from 
the  sides  enable  anisotropic  conflnment  to  be 
applied  If  required.  The  confining  fluid  (water) 
was  suppl'td  through  Inlet  ports  In  the  outer  side 
walls  and  lid  of  tha  chamber,  and  bleed  lines  were 
provided  at  the  top  of  the  side  walls  and  ltd  to 
let  out  any  trapped  air.  A  drainage  line  was  In¬ 
stalled  In  the  base  of  the  chamber  to  allow  consol¬ 
idation  of  the  sample  under  the  static  confining 
pressure.  This  drainage  port  was  sealed  from  the 
confining  fluid  by  screwing  down  the  membrane  Into 
the  chamber  base  using  a  washer.  Fixing  the  washer 
around  the  drainage  port  then  sealed  the  drainage 
hole  In  the  membrane.  A  thin  mat  of  highly  perm¬ 
eable  plastic  material  was  glued  to  the  lower 
aiembrane  along  the  chamber  Use  to  ensure  uniform 
sample  drainage. 

In  order  to  record  the  behavior  of  tha  sample 
before  and  during  liquefaction,  Instrumentation  was 
designed  to  measure  sample  pore  watt-  pressure, 
sample  accelerations,  table  accelerations,  and  sam¬ 
ple  displacement  relative  to  the  chamber.  Thj 
table  accelerations,  pre-programmed  using  an  HTS 
electro-hydraulic  controller-actuator,  wore 
recorded  by  an  accelerometer  which  was  permanently 
mounted  to  the  shaking  table.  All  measurements  of 
sample  pore  water  pressures,  displacements  and 
accelerations  were  made  In  the  middle  third  of  the 
sample  length,  as  shown  in  Figure  2  below. 


Figure  2 :  Relative  Positioning  of  Instruments 
In  specimen 

Accelerations  of  specimens  were  measured  by  two 
miniature  aceeleroiteters  placed  at  the  one  and  two 
third  points  of  the  sample  height.  This  position¬ 
ing  would  Indicate  any  variation  in  sample  acceler- 
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ation  a  s  a  function  of  depth  as  pore  pressures  in¬ 
creased  and  liquefaction  initiated.  A  linear  vari¬ 
able  displacement  transformer  (L.V.O.T.)  was  mount¬ 
ed  on  the  side  of  the  chamber  to  measure  the  dis¬ 
placement  of  the  sample  at  mid-height  relative  to 
the  chamber. 

Based  upon  the  assumption  that  the  measurement 
of  pore  water  pressur;  in  samples  is  the  most  im¬ 
portant  record  for  inwkating  the  onset  of  lique¬ 
faction,  a  total  of  six  transducers  were  used  to 
monitor  the  dynamic  pore  pressures.  The  trans 
ducers  were  placed  as  ;hown  in  Figure  2.  The 
porn  pressure  transducers  were  modified  so  that 
sample  pore  pressures  could  be  measured 
without  placing  the  transducers  in  the  sample. 

This  was  achieved  by  sealing  a  flexible  six  inch 
needle  in  the  pressure  sensitive  port  of  each 
transducers .  and  then  feeding  the  needle  through 
the  chamber  wall  and  membrane  into  the  center  of 
the  sample.  The  needles  were  sealed  at  the  chamber 
wall  and  membrane  using  a  silicon  rubber  sealant. 
Thus  pore  water  pressures  were  measured  in  the 
sample  at  the  point  of  a  needle  and  transmitted 
to  the  transducers  outside  the  chamber.  All  the 
data  measured  by  the  instruments  during  tests  was 
recorded  ant  stored  digitally  for  analysis  at  a 
later  time. 

TEST  PROCEDURES 

A  uniform  OtUwa  sand  (Cu'1.18)  was  used  for 
all  test:  carried  out  on  the  shaking  table.  The 
cand  was  saturated  by  boiling  under  a  vacuum  using 
dt-aired  water.  The  sand  was  then  ptrcea  into  the 
specimen  chamber  under  water  in  layers  at  zero 
drop  height.  The  miniature  accelerometers  were 
placed  by  hand  and  gently  covered  over  with  fur¬ 
ther  layers,  making  sure  not  to  displace  the 
sensitive  axis  off  the  horizontal  aero-read*ng 
rosltion.  Extrs  care  had  to  be  taken  in  keeping 
air  out  of  the  s  nd  when  placing  the  final  layers 
if  s*nd  as  there  was  only  about  a  Sinch  of  water 
above  t!.'  c!n1shed  surface  of  the  samples.  A 
roller  levee  which  could  he  moved  along  the 
chamber  walls  was  used  to  smooth  off  the  sample 
surface  at  the  correct  height. 

Hsvirg  frepared  the  sample,  the  top  nembrant 
was  placed  over  the  sample  surface  as  shown  in 
Figure  3,  and  the  lid  bolted  down  *1  seal  <he 
sarpl  and  confining  fluid.  Before  running  a  test 
the  sample  saturat'on  was  u*asureu  by  increasing 
the  cont'nlrc  pressure  applied  to  the  sample  In 
steps,  taking  measurements  of  the  sample  pore 
water  pressure  each  ct.p.  Once  the  confining 
pressure  was  applied,  the  inner  walls  could  be 
draw>  back  to  leave  the  sample  free  standing. 

Kith  »  desired  total  confining  pressure  applied 
to  tne  sample,  the  required  effective  confining 
pressure  was  produced  by  allowing  water  to  drain 
from  the  sample,  reducing  the  sample  back  pressure. 
Total  confinement  in  tests  was  limited  to  S  p.s.l., 
with  effective  confining  pressures  ranging  from 
I/'  p.s.i.  to  about  2  p.s.l.  All  tests  were  run 
at  a  frequency  of  10  Ha.  with  accelerations  In  the 
order  of  1  g.  Each  sample  was  vibrated  for  ISO 
seconds  end  all  the  necessary  data  recorded. 

After  each  test  the  lid  and  top  membrane  were 


removed  to  examine  the  liquefied  samples. 


Figure  3:  Sealing  of  top  membrane  over  sample 
surface 

PRESENTATIOM  OF  RESULTS 


The  results  of  tests  oerforred  on  three  sam¬ 
ples  of  saturated  sand  are  presented.  The  data 
for  each  sample  are  given  in  Table  1. 


Sample 

°r 

B 

o#psi 

X 

* 

T/Oo 

\ 

1 

56 

1.0 

2.0 

1.20 

0.274 

1530 

2 

61 

0.99 

l.S 

1.24 

0.376 

304 

3 

54 

1.0 

0.7S 

1.27 

0.666 

85 

Table  1.  Sample  test  data 

Whce:  Dr  is  the  relative  density  in  percent;  ■  is 
Skempton’s  pore  pressure  parameter;  x  is  peak  hori- 
luntfi  acceleration;  g  1:  acceleration  due  to  grav¬ 
ity;  t  Is  shear  stress  on  a  horizontal  plane:  o0  is 
initial  effective  confining  pressure;  N,  Is  the  ■ 
nurbrr  of  applied  ctr-ss  cycles  to  reach  liquefac¬ 
tion 

Figure  4  presents  results  of  the  pore  pressure 
response  for  Sample  2  at  three  different  times  dur¬ 
ing  base  excitation.  It  can  be  sean  that  when  the 
pore  pressure  time  history  is  sjperimposed  on  the 
on  the  sample  acceleration  time  history,  that  both 
records  are  harmonic,  and  that  accelerations  are 
leading  pore  pressure.  Reek  pore  pressures  are 
reached  at  zero  horizontal  acceleration,  i.e.  when 
shear  stre.ses  •<*  the  simple  are  zero.  The  In¬ 
crease  in  the  mean  pore  water  pressure  as  a  func¬ 
tion  of  number  of  sire;*,  cycles  is  shown  for  Sam¬ 
ple  2  in  Figure*  5.  In  thH  figure  ‘t  can  be  seen 
that  the  rate  of  pore  pressure  Increase  is  fairly 
uniform  for  the  majority  of  the  test.  However, 
when  the  ratio  of  induced  pore  pressure  to  confin¬ 
ing  pressure  reaches  approximately  0.7,  there  is  a 
sharp  rise  in  the  rate  of  pore  pressure  Increase 
which  leads  to  liquefaction  in  few  zdditionai 
cycles. 
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CONCLUSIONS 


Figure  4:  Samples  of  Pore  water  Pressure 

variation  and  table  accelerations , 
Sample  42. 


Fiqure  5:  Pore-  water  pressure  response, 

Sample  *2,  Or  *  S6V 

Neither  the  pore  water  pressure  transducers 
nor  the  accelerometers  located  in  the  sample  indt. 
cated  any  variation  in  the  measured  values  as  a 
function  of  location  of  the  instrument  during  any 
of  the  tests  conducted.  The  results  of  the  pro¬ 
gram  reported  herein  can  best  be  compared  with  data 
obtained  from  other  investigations  by  normal iling 
the  cyclic  shear  stress  with  respect  to  the  Initial 
mean  confining  pressure.  In  Figure  6  are  shown  the 
results  of  this  study  compared  with  those  presented 
by  He  Alba  et.  al  (3). 


Figure  6:  Comparison  of  Test  Results  with  data 
from  Oe  Alba  at.  al  (3). 


A  new  liquefaction  device  has  been  developed 
at  The  Ohio  State  University  for  Laboratory 
shaking  table  testing  of  sand  samples.  This  equip¬ 
ment  provides  control  over  the  main  factors  which 
affect  the  behavior  of  sand  under  dynamic  load¬ 
ing.  The  test  conditions  created  are  thought  to 
give  a  closer  representation  of  actual  field  con¬ 
ditions  than  ha*  some  equipment  used  In  previous' 
Investigations.  The  tests  described  herein  have 
provided  no *  information  on  liquefaction  potentia'. 
While  test  results  agree  qualitatively  with  pre¬ 
vious  Investigations,  they  do  Indicate  a  higher 
resistance  to  liquefaction  than  that  Indicated  by 
othe*  researchers. 

It  is  felt  that  the  primary  reason  for  the 
difference  in  quantitative  results  presented  in 
this  paper  and  those  of  Oe  Alba  et.  al.  is  the  geo¬ 
metry  of  tie  Alba's  testing  device  where  boundary 
conditions  might  have  caused  a  mure  rapid  Increase 
in  pore  water  pressure  than  would  be  expected  un¬ 
der  field  conditions,  Therefore  current  practice 
which  consists  of  modifying  the  results  of  standard 
laboratory  tests  to  make  them  consistent  with  the 
"more  realistic"  large  sample  shaking  table  tests 
may  result  in  underestimating  resistance  to  failure 
by  liquefaction.  A  comparison  should  be  made  with 
the  liquefaction  behavior  of  sands  predicted  by  an¬ 
alytical  methods  under  similar  conditions  to  assess 
the  applicability  of  the  results  obtained  in  tests. 
Future  tests  should  include  more  locations  where 
pore  pressures  are  measured  ir,  order  to  better  de¬ 
termine  whether  or  not  pore  pressure  increase  actu¬ 
ally  is  uniform  throughout  the  sample  as  these 
tests  indicate.  It  is  further  recommended  that  ad¬ 
ditional  tests  be  performed  on  a  variety  of  sample 
types  under  both  isotropic  and  anisotropic  stress 
conditions  in  order  to  substantiate  the  results  of 
the  initial  tests  presented  herein. 
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ABSTRACT 

A  damped  single  degrve-of -freed  on  Model  was 
developed  to  represent  the  gross  dynamic  behavior 
of  shallow  buried  reinforced  concrete  arches 
subjected  to  specified  nonuniform  pressure 
distributions.  Structural  parameters  were 
developed  for  a  generic  structure  based  upon 
available  information  in  the  literature  and  first 
principal  calculations.  Values  of  maximum  crown 
deflection,  calculated  from  numerical  Integration 
of  the  <.if ferential  equation  of  motion,  were 
compared  with  similar  results  from  field 
experiments.  Results  utilizing  structural 
parameters  selected  on  this  basis  of  the 
reconaaendatlrns  in  this  study  provide  the  best 
agreement^ 

INTRODUCTION 

The  objective  of  this  study  was  to  develop  a 
single  d  eg  re  e-of- freedom  model  capable  of 
representing  the  gross  dynami'  behavior  of 
shallow  buried  re  in* on  ei  concrete  semi-circular 
arches  subjected  to  spec .fled  input  loadings 
resulting  from  the  apol i ration  of  superseismic 
airblast  loadings  at  the  ground  surface. 

Emphasis  was  placed  on  large  deformation  behavior 
approaching  colUpse.  The  soil  was  assumed  to  be 
dry  and  cohesionless. 

BASIC  THEORY 

In  order  to  analyze  a  shallow  burler. 
structure,  it  is  necessary  to  know  the  Input  load 
to  the  structure.  The  Input  load  is  not  simply  a 
function  of  the  overpressure  applied  at  the 
ground  surface.  It  is  also  related  to  the 
flexibility  of  the  structure,  the  characteristics 
of  the  soil  type,  and  perhaps  the  depth  of 
burial.  Determinat'on  of  the  input  load  for  an 
arbitrary  loading  function  at  the  ground  surface 
Is  beyond  the  scope  of  this  study. 

Crawford,  et  al.  (1914)  suggest  that  the 
general  form  of  the  nonuniform  pressure 
distribution  shown  tn  Figure  1  is  represent at iva 
of  a  large  majority  of  the  actual  loads 
encountered  in  the  analysis  of  hardened  burled 
cylinders.  Their  analysis  for  cylinders  is 
directly  applicable  to  fixed  soat-circular  arches. 


Figure  1.  Circular  Ring  Subjected  to 
Nonuniform  External  Pressure 


Tney  give  the  following  results  for  the  internal 
thrust  (N),  shear  (V),  and  bending  moment  (M) 
resulting  from  the  pressure  distribution  shown  in 
Figure  1 

N#  .  -  qS  ♦  cos  ?•  U) 


V#  *  -  ^  p  Sin  ?d  (?) 


_  "> 

M#.2jC«»e  (3) 
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where  q  is  the  magnitude  of  the  uniform  component 
and  p  is  the  maximum  amplitude  of  the  nonuniform 
component  of  applied  external  pressure.  In  this 
formulation  the  total  nonuniform  pressure 
distribution,  P9,  is  given  by 


=  q  ♦  p  cos  2e  (4) 

Crawford,  et  al.  (1974)  also  indicate  that 
the  elastic  deflection  of  a  perfectly  round  ring 
subjected  to  the  nonuniform  pressure  distribution 
of  Figure  1  can  be  approximated  by 

*8  =  irr  cos  20  '5) 


SINGLE  DEGREE -0F-PREE00M  MODEL 

The  maximum  crown  deflection  relative  to  the 
support  motion,  ac,  is  chosen  as  the  single 
parameter  representative  of  the  general  arch 
response.  The  dynamic  nonuniform,  but  symmetric, 
pressure  distribution  specified  by  Equation  4  is 
assumed  to  obtain  and  the  first  symmetric 
flexural  mode  shown  in  Figure  2  is  assumed  to 
govern. 


Figure  2.  Theoretical  First  Symnetric 
Flexural  Mode 


A  viscously  damped  single  degree-of-f reedr n 
system  can  be  utilized  to  represent  the  secified 
conditions.  The  response  of  this  system  is 
defined  by  the  following  differential  equation  of 
motion: 


M  Vc  ♦  28  /kM  4C  ♦  R(0  -  p|t)  (6) 


where  M  is  the  effective  mass,  e  is  the  damping 
ratio  or  fraction  of  critical  damping,  k  Is  the 
stiffness  and  K(«c)  is  a  generalized  resistance 
function. 

Solutions  can  be  readily  obtained  for 
Equation  6  through  the  use  of  standard  numerical 
integration  techniques  if  the  system  parameters 
and  the  time  varying  maximum  amplitude  of  the 


nonuniform  component  of  the  applied  external 
pressure  are  known^.  For  the  purposes  of  this 
study  an  assumed  p(t)  will  be  utilized.  This 
function  can  be  obtained  experimentally  from 
interface  pressure  measurements  in  a  dynamic 
structural  test.  Equation  4  indicates  that 
P  *  q  +  JF  at  the  crown  and  P  *  q  et 
e  -  *  45  degrees.  Thus,  interface  pressure 
measurements  at  these  locations  completely  define 
the  two  parameters  of  the  assumed  nonuniform 
pressure  distribution  function. 

STRUCTURAL  PARAMETERS 

The  structural  parameters  from  Equation  6 
which  require  specification  are  b,  M,  R(ac), 
and  k.  These  parameters  are  developed  for  a 
generic  semi-circular  reinforced  concrete  arch 
with  the  haunches  rigidly  connected  to  the 
floor.  The  assumed  dimensions  and  material 
properties  are  as  follows: 

Radius,  R  «  47.2  in 
Haunch  th«  kness,  t  »  6.3  in 
Depth  of  ,_..ver  at  the  crown  =  23.6  in 
Dense  dry  cohesionless  soil 
Concrete  strength,  f'c  „  4500  lb/ in2 
Reinforcement  steel  yield  strength,  fy  « 
60,00  lb/ In? 

Steel  percentage,  p  «  1.45,  each  face 
Depth  of  steel  cover  •  1.165  in,  each  face 
Sufficient  shear  reinforcement  is  provided 
to  preclude  shear  failure. 

Higgins,  et  al.  (1981)  presents  results  from 
extensive  dynamic  soil-structure  interaction 
experiments  on  test  structures  resembling  scale 
models  of  nuclear  containment  vessels.  The 
reinforced  concrete  test  structures  were  embedded 
in  dry  cohesionless  soil  from  25  to  200  percent 
of  their  height  and  were  subjected  to  explosively 
induced  ground  motions  which  simulate  the  strong 
earthquake  excitation  of  full-scale  systems 
(structural  accelerations  in  the  1  to  10  g 
range).  They  observed  that  damping  was  uniformly 
high,  typically  10  to  20  percent  of  critical 
damping,  at  the  high  displacements  corresponding 
to  strong  motion  earthquake  response.  They 
further  observed  that  damping  typically  increased 
with  response  level.  Based  upon  this 
information,  the  large  displacement  interaction 
associated  with  shallow  -buried  arches  loaned 
close  to  failure  should  be  highly  dissipative 
with  a  damping  ratio  of  20  percent  or  more. 

The  effective  mass  of  the  shallow  burled 
arch  system  can  be  developed  utilizing  energy 
considerations.  Crawford,  et  al.  (1974)  indicate 
that  a  single  load-mass  transformation  factor  can 
be  utilized  to  convert  a  distributed  mass  system 
into  an  undamped  single  degree-of-f reedom  model. 
They  indicate  that  the  value  of  the  load-mass 
transformation  factor  ranges  from  0.66  for  a 
uniformly  distributed  load  to  0.33  for  a  single 
concentrated  midpoint  load  on  a  beam  of  uniform 
mass  loaded  plastically.  The  system  under 
consideration  consists  of  a  uniform  circular 
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team,  with  nonuniform  depth  of  soil  cover  and 
spatially  varying  load.  The  amount  of  soil  which 
should  be  included  in  the  analysis  is  not  known, 
but  the  full  amount  is  comnonly  utilized  for  the 
analysis  of  shal low  buried  structures.  A 
detailed  analysis  is  not  considered  appropriate 
because  of  the  large  uncertainties  associated 
with  the  formulation.  A  load-mass  transformation 
factor  of  0.5  is  probably  adequate  for  our 
purposes.  Utilizing  this  value,  ar  equivalent 
mass  equal  to  0.0045  lb-s?/in3  is  obtained 
for  the  combined  mass  of  the  reinforced  concrete 
section  and  the  average  value  of  the  soil  cover 
for  an  assumed  straight  beam  extending  from  e 
equal  *  45  degrees. 

The  resistance  function  can  be  derived  from 
one  of  two  possible  approaches:  evaluation  of 
available  experimental  data  or  fundamental 
analysis  of  the  reinforced  concrete 
cross-section.  Axial  loads  contribute 
significantly  to  the  maximum  resistance  ana 
beam-column  theory  is  appropriate  for  calculating 
this  value. 

Meyer  and  Flathau  (1967)  present 
experimental  data  for  the  response  of 
unreinforced  concrete  fixed  semi-circular  arches 
buried  in  dry  sand.  Their  data  generally  support 
the  assumptions  made  in  this  Study  with  regard  to 
>  load  distribution  and  general  arch  response. 

Figure  3  presents  measured  load  versus  crown 
deflection  curves  for  static  tests  on  arches  with 
R/t  values  of  3,  6,  and  12. 


Figure  3.  Static  Surface  Load  Versus  Crown 
Deflection  After  Meyer  and  FTatl.au 
(1967). 


It  should  be  noted  that  the  load  in  this  figure 
Is  the  uniformly  applied  surface  pressure  rather 
than  the  maximum  amplitude  of  the  nonuniform 
component  of  the  external  pressure  applied  to  the 
arch.  It  appears  that  the  surface  load  versus 
crown  deflection  curves  are  generally  parabolic  in 
shape  and  that  they  are  a  linear  function  of 
R/t.  The  surface  load  versus  crowr,  deflection 
curve  developed  for  R/t  equals  7.5  (the  value  of 
the  generic  arch  under  consideration)  is  given  by 

F  .  -  10,000  («c  -  0.18)?  *  324,  lb/in? 

for  0  <  sc  <  O.io  in  (7)  . 


Assuming  that  the  uncracked  moment  of  inertia  is 
applicable  because  of  the  presence  of  the  large 
axial  thrust  and  that  Equation  5  remains 
applicable  at  large  deflections,  {T  is  found  to  be 
equal  to  26  lb/in?  for  the  generic  section  at  a 
crown  deflection  of  0.18  in.  This  value 
corresponds  to  a  surface  overpressure  of 
324  lb/ in?.  Because  the  response  is  well 
outside  the  elastic  range  the  calculated  value  of 
tr  may  be  low  by  a  factor  of  2  or  more. 

IJtiliZ'ng  beam-column  theory  for  reinforced 
concrete  sections,  see  any  standard  text,  the 
ultimate  bending  moment  and  thrust  at  the  balance 
point  for  the  generic  section  are  found  to  be 
approximately  35,400  in  Ib/in  and  11,800  Ib/in, 
respectively,  when  the  static  strengths  of  both 
the  steel  and  concrete  are  Increased  bv 
approximately  20  percent  to  account  for  the 
influence  of  dynamic  loadinq.  Assuming  that  the 
section  will  try  to  respond  at  the  balance  point 
and  that  Equations  1,  2,  and  4  are  applicable, 
values  of  Jf  equal  to  48  lb/in?,  n  equal  to  265 
lb/ in?,  and  P  equal  to  313  lb/ in?  are 
obtained. 


Anderson,  et.  al.  (1966)  suggest  that  the 
crown  deflection  at  ultimate  load  for  a  concrete 
failure  strain  of  0.003  can  be  calculated  from 


<4c>ult 


WJtt) 


iiLii] 

ii  ;•  nJ 


(8) 


Utilizing  the  above  results  f^r  J>  and  q,  a  value 
of  0.12  in  is  calculated  from  Equation  8  for  the 
generic  arch.  The  calculated  values  of 
(Sc)ult  wd  ?  «re  seen  to  be  on  the  same 
order  as  the  previously  presented  experimental 
data  of  0.18  in  and  324  lb/ in?,  respectively. 
Utilization  of  «n  increased  values  of  the 
concrete  failure  strain  would  further  improve  the 
agreement. 
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Park  and  Pauly  (1975)  recommend  utilizing  an 
idealized  elastic-plastic  approximation  to  the 
moment-curvature  curve  for  a  reinforced  concrete 
section.  Moment-curvature  can  be  converted  to 
load-deflection  through  the  use  of  Equations  3 
and  8.  A  proposed  idealized  elastic-plastic 
approximation  to  the  load-deflection  curve  is 
shown  in  Figure  A. 


Figure  4.  Idealized  Elasto-Plastic  Approximation 
to  Resistance  Function 


Rult  and  k  can  be  arbitrarily  defined.  The 
slope  of  15  lb/in2/in  is  included  to  represent 
membrane  action  which  comes  into  play  at  very 
large  displacements.  The  load-unload  slope  is 
arbitrarily  defined  to  agree  with  the  initial 
slope. 

The  following  values  of  the  structural 
parameters  have  been  selected  to  best  represent 
the  Generic  structure  under  consideration: 

•  -  20  percent 

M  =.  0.0045  lb-s?/in3 

RuU  =  46  !b/in? 

k  =  511  lb/in? 


SENSITIVITY  STUDY 

A  sensitivity  study  was  run  for  Equation  6 
varying  three  of  the  four  st’-uctural  parameters, 
i.e.,  b,  Rult>  and  F'igure  5  presents  a 
typical  curve  for  the  time  variation  of  the 
maximum  amplitude  of  the  nonuniform  component  of 
external  pressure,  Pit). 


Figure  5.  Typical  p(t)  Curve 


This  loading  function  was  utilized  for  all  of  the 
calculations  in  the  sensitivity  analysis. 
Haltiwanger  and  Hall  (1S79)  have  shown  in  a 
similar  study  of  a  shallow  buried  box  structure 
that  the  solution  of  Equation  6  is  most  sensitive 
to  the  assumed  loading  function.  Therefore,  this 
study  does  not  vary  the  most  important,  and 
possibly  the  least  known,  of  the  various 
parameters  involved. 

Table  1  presents  the  results  of  the 
sensitivity  analysis  calculations. 


TABLE  1 

SENSITIVITY  STUDY  RESULTS 


Calculation 

Number 

Rult 

lb/in2 

IbJ/in3 

|S 

% 

k 

1  b/ 1  *»2 

Sc 

in 

1 

46 

0.0014 

0 

511 

26.8 

2 

46 

0.0014 

10 

511 

13.3 

3 

46 

0.0014 

20 

511 

8.7 

4 

46 

0.0014- 

30 

511 

6.4 

5 

46 

0.0021 

20 

511 

6.9 

6 

46  • 

0.0045 

20 

511 

4.6 

7 

92 

0.0014 

20 

511 

8.1 

8 

9? 

0.0021 

20 

511 

6.4 

These  calculations  indicate  that  the  crown 
deflection  is  relatively  insensitive  to  the  value 
selected  for  Rn|t.  The  response  becomes  less 
sensitive  to  the  value  of  B  in  the  20  to  30 
percent  range  and  is  most  sensitive  to  the  value 
selected  for  M. 

Betz  (1983)  has  calculated  the  crown 
deflections  for  several  generic  arches  which  were 
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subjected  to  a  loading  function  simitar  to  that 
shown  in  Fiqure  5.  These  results  indicate  that 
the  relative  crown  deflections  were  on  the  order 
of  5  in  or  less.  It  is  interesting  to  note  that 
calculation  number  6  utilizing  the  recommenced 
values  of  the  structural  parameters  gives  the 
best  agreement  with  this  result. 
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THE  USE  OF  COMPENDIA,  DESIGN  MANUALS,  AND  REFERENCE  TEXTS  IN  PREDICTION 
OF  NONNUCLEAR  WEAPONS  EFFECTS 


W.  F.  Baker 


Southwest  Research  Institute 


The  literature  on  nonnuclear  weapons  effects 
dates  from  the  16th  century,  is  extensive,  is  widely 
scattered,  and  includes  many  classified  references. 
This  diffusion  presents  problems  to  both  neophytes 
and  experts  in  this  field  —  the  neophyte  can  be 
overwhelmed  by  the  volume  of  the  literature,  and 
unable  tc  choose  between  conflicting  references  or 
prediction  methods;  while  the  Kiexpert“  may  be  expert 
in  only  a  narrow  specialty  in  weapons  effects,  and 
not  truly  conversant  with  other  specialties.  So, 
a  limited  library  of  broad  references  on  the  sympo¬ 
sium  topic  can  be  very  useful. 

The  broad  references  include  compendia,  design 
manuals  and  general  reference  texts.  They  give 
rather  broad  coverage,  but  the  topics  covered,  depth 
of  coverage,  and  accuracy  and  depth  of  reference  to 
the  literature  vary  considerably  betveen  the  refer¬ 
ences.  The  paper  will  discuss  the  coverage  of  each 
cited  general  reference,  will  note  the  depth  or  lack 
of  depth  of  literature  reference,  and  will  also  give 
a  brief  evaluation  of  the  reference. 

,  > 

INTRODUCTION 

Nonnuclear  weapons  effects  include  at  least  the 
effects  on  a  wide  variety  of  targets  of:  explosions 
and  shock  wcves  in  air,  water  and  the  ground;  im¬ 
pacts  of  penetrating  projectiles  and  fragments; 
penetration  by  high-speed  jets;  incendiaries;  smokes; 
and  a  variety  of  chemical  agents.  The  spectrum  of 
past,  present  and  future  weapons  is  very  broad. 

The  spectrum  of  "targets”  is  also  very  broad.  Weap¬ 
onry  is  an  ancient  discipline,  and  is  also  highly 
nationalistic.  All  of  these  factors  combine  to 
render  the  literature  on  the  symposium  topic  volumi¬ 
nous,  secretive  and  very  diffuse. 

If  you  are  a  neophyte  to  weapons  effects,  you 
can  easily  be  overwhelmed  by  the  extensive  litera¬ 
ture,  and  inconvenienced  by  the  security  classifi¬ 
cation  of  some  of  it.  Even  if  you  have  been  working 
in  this  field  for  many  years,  you  may  be  rather 
unaware  of  some  types  of  weapons  effects,  and  are 
also  inconvenienced  by  security  restrictions. 

We  have  found  over  the  years  that  your  work 
can  be  somewhat  eased  by  using  a  limited  basic 
library  of  unclaaslried  references  which  contain  use¬ 
ful  teclnlcal  discussions,  data  bsses  and/or  analy¬ 
sis  and  prediction  methods  for  a  variety  of  weapons 
effects.  Some  of  these  broad  references  are  obvi¬ 
ous  and  well-known;  others  are  not.  We  have  found 


some  to  be  much  more  usefu'  nan  others.  Some  have 
been  quickly  outdated,  whi  ••  ithera  retain  remark¬ 
able  usefulness  after  many  ,ears. 

This  paper  presents  the  author's  suggestions 
for  a  limited  library  of  broad  references  which 
can  be  useful  in  describing  and  evaluating  nonnu¬ 
clear  weapons  effects.  Only  unclassified  references 
are  included  In  the  lint.  All  were  at  one  time 
easy  for  anyone  to  acquire,  but  some  nay  now  be 
quite  difficult  to  get.  We  review  in  this  paper 
only  references  in  English. 

The  broad  references  are  divided  into  three 
categories,  l.e.,  compendia,  design  manuals  snd 
reference  texts.  They  are  discussed  in  that  order. 
For  each  reference,  we  identify  it,  and  then 
briefly  discuss  those  contents  relating  to  weapons 
effects.  Depth  of  literature  coverage  is  noted,  as 
are  strengths  or  shortcomings.  Usually,  the  dis¬ 
cussion  is  the  author’s,  hut  in  some  instances, 
reviews  by  others  are  substituted.  When  inis  is 
done,  the  review  is  in  quotes,  and  the  name  of  the 
reviewer  is  included. 

The  paper  Includes  a  brief  closure,  which 
Includes  some  discussion  on  availability  of  these 
references. 

DISCUSSION  OF  COMPENDIA 

Because  compendia  usually  consist  of  groups  of 
papers  or  chapters  by  different  authors,  the 
adequacy  of  coverage  of  specific  topics  rends  tc 
vary  considerably  from  chapter  to  chapter.  But, 
there  are  some  exceptions  to  this  rule  in  our  list, 
as  noted. 

White, ~M.T.  (Editor)  (1946),  Effects  of  Impacta 
and  Explosions.  Sumary  Technical  Report  of 
Division  2,  National  Defense  Research  Comer' l, 

Volume  1,  Washington,  D.C.,  AD  221-E86.  iRef.  1) 

Although  this  reference  Is  rather  old,  it  is 
a  thorough  review  of  U.S.  research  studies  during 
World  War  II  on  explosions  In  air,  water,  and 
earth;  ballistic  Impact  effects  on  steel,  concrete, 
and  soil;  gun  mutzle  blast;  dynamic  materials 
properties;  protection  against  various  weapons 
effects;  and  target  analysis  and  weapon  selection. 
Some  of  the  Weapon  Data  Sheets  included  In  the 
compendium,  particularly  those  on  penetration  of 
projectiles  into  various  media,  are  useful. 
reference  list  is  extensive. 
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TV  discussions  and  descriptions  In  this  work 
arc  very  clear  and  readable,  and  aoae  of  Ihe  con- 
piled  and  scaled  teat  data  are  still  the  nost  defin¬ 
itive  available.  Unlike  many  other  compendia,  treat¬ 
ment  of  all  topics,  by  the  various  authors,  la 
excellent  and  thorough.  This  Is  a  must  for  your 
reference  shelf.  ” 

Annals  of  ;hc  Neu  ierk  Academy  of  Sciences  11966), 
VoIwk  1ST,  Article  2,  "■'I'evention  of  and  Protection 
Against  Accidental  Explosion  of  Munitions,  Fuels 
and  Other  Hasardous  Mixtures,"  October  tS,  IOCS. 

(Ref.  2) 

This  Is  a  very  unusual  source  giving  informa- 
tlon  on  accidental  explosion'  and  their  effects, 
but  this  one  voliae  of  the  Annals  contains  a  wealth 
of  useful  Information  In  papers  contributed  by 
many  researchers  and  safety  engineer-  froa  the  U.S. 
and  Europe.  The  quality  of  the  Individual  papers 
ranges  froa  excellent  to  fair.  Host  of  then  refer¬ 
ence  the  literature  well,  but  a  few  oait  a  nuaber 
of  key  references  to  prior  work  on  the  paper  topic. 
The  sections  moat  applicable  for  predicting  weapons 
effects  are  Part  II.  Personnel  Sensitivity:  Part 

III.  Sensitivity  of  Explosive  Materials,  and  Part 

IV.  Explosive  Effects. 

Suisdik,  M.  W. ,  Jv.,  "Explosion  Effects  mJ  Proper¬ 
ties:  Fart  T  -  Explosion  Effects  in  Air, "  NSWC/WCL / 
TR  76 -116,  Naval  Surface  Weapons  Center,  White  Oak, 
Silver  Srrina,  Maryland,  Oct  1976,  AD  AOtS  644. 

(Ref.  3) 

This  Is  an  excellent  coapendlua  giving  proper¬ 
ties  of  air  blast  waves  froa  nonnuclear  weapons. 

The  emphasis  la  on  presentation  of  graphs  and  equa¬ 
tions,  and  on  exasqile  problems  for  their  use. 
Included  also  are  data  on  air  blast  fron  shallow 
underwater  and  underground  explosions,  aud  cratering 
for  burled  explosions.  The  coapendlua  la  baaed 
primarily  on  work  In  U.S.  Navy  laboratories,  and 
this  la  veil  referenced.  A  weakness  la  that  the 
extensile  related  work  by  U.  S.  Army,  U.  S.  Air 
Force  ar.d  foreign  sourcee  It  largely  Ignored. 

Svisdak,  M.  H. ,  Jr.,  "Explosion  Effects  and  Proper¬ 
ties:  Part  IT  -  Explosion  Effects  in  Water,"  SSWC/ 
WOl/TR  76-226,  Sami  Sur}'ace  Weapons  Center,  White 
( Xik ,  Silver  Spring,  Mary lan.!,  Feb  AD  A066694. 

(kef.  a) 

Thle  la  the  counterpart  to  the  preceding 
coapendlua,  but  for  underwater  explosion  effects. 

The  type  of  coverage  it  similar,  with  coverage  of  - 
similitude  relatione,  underwater  shock  wave  parta- 
etera  for  shallow  and  damp  explosions,  bubble  pulse 
characteristics,  underwater  shock  froa  line  charges, 
end  related  topics.  This  coapendlua  should  be 
considered  ae  a  supplement  to  Cole'e  book, 

Underwater  txploelone.  which  will  be  dlacueaed 
later.  The  literature  la  well  referenced. 

"Behavior  and  Utilisation  of  Explosives  in  Engi¬ 
neering  Design  and  Bioahamioal  Principles  Applied 
to  Chemical  Medicine, "  Proceedings  of  the  22th 
Annual  Smoosi.n  American  Society  of  Mechanical 
Engineers,  .ku  Eixicc  Section,  Moran  1972.  (Ref.  5) 


The  first  part  of  this  coapendlun  Includes  a 
number  of  well-written  papers  on  detonation  of 
explosives  end  their  utilization.  Its  value  lies 
in  good  descriptions  of  explosive  processes,  hov 
explosives  accelerate  materials,  end  how  materials 
respond  to  intense  explosive  loading.  Most  of  the 
papers  are  excellent,  end  well-referenced. 

Docring,  W.  and  Burkhardt,  5.,  "Contributions  to 
the  Theory  of  Detonation,"  Translation  from  the 
Herman  as  Technical  Report  No.  F-?X-1T7'-IA  (CD, IV 
A9-T-4C),  Headquarters,  Air  Material  Ccn.v:d, 
Wriaht-Patterson  AFP,  Ohio,  Mr,  2i49,  4? 

(Ref.  b) 

Much  of  the  Gorman  work  during  World  War  It 
on  detonation  of  explosives,  and  shock  transaiaslon 
through  air,  water,  and  at  Interfaces  between  aedia 
Is  Included.  The  treatment  Is  very  lucid,  even  in 
translation.  Raference  la,  of  course,  alaost  ex¬ 
clusively  to  German  work.  One  of  lta  most  useful 
aspects  is  the  presentation  of  equations  for  pre¬ 
dicting  shock  strengths  on  reflection  froa  or  trans¬ 
mission  between  different  media. 

DISCUSSION  OF  DESIGN  MANUALS 

There  are  available  a  number  of  sum  -als  for 
prediction  of  explosion  and  Impact  loads  on  struc¬ 
tures,  and  design  of  structures  to  resist,  such 
loads.  Host  are  intended  for  use  by  rtructural 
engineers,  and  they  concentrate  heavily  on  presen¬ 
tation  of  design  equations  and  graphs.  A  number 
of  veapona  effects  can  be  predicted  from  Informa¬ 
tion  in  most  of  the  manuals. 

’J.  S.  Army  Material  Conrand,  Etigineerin^  Design 
Handbook:  Principles  of  Ext  looivc  BeKavicr,  A.VC 
TanphTci  AMCP  706-1  HO,  Tp'D.  (Ref.  7) 

This  Is  one  In  an  extensive  series  of  Amy 
design  sunuals.  It  Includes  very  thorough,  vell- 
vrltten,  and  well-referenced  material  on  thf  detona¬ 
tion  physics  of  explosives.  It  will  not  allow  you 
to  numerically  predict  many  weapons  effects,  but 
It  should  give  you  a  good  understanding  of  the 
physical  processes  occurring  when  explosives 
detonate. * 

“Fundamentals  of  Protection  Design  (Non-Ni-eUar) 
Department  of  the  Army  Technical  Manual,  TN  (-661-2, 
Department  of  the  Army,  July  1966.  (Ref.  8) 

This  was  one  of  the  first  design  manuals  for 
protective  structures.  It  was  based  on  work  by 
MIT  and  University  of  Illinois  structural  engineers, 
and  Includes  aoae  Information  useful  In  estimating 
weapons  effects.  Like  some  ether  manuals,  a  meek¬ 
ness  la  inclusion  of  only  s  bibliography,  and  rot 
specific  references.  It  has  now  been  aupcrcedvd 
by  later  manuals. 


•The  Army  Engineering  Handbock  Series  Includes 
several  other  asnuala  which  are  very  useful  In 
predicting  weapons  effteta,  hut  they  are  classified 
and  so  do  not  qualify  for  our  Hat. 
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BEST  AVAILABLE  COPY 


"Suppressive  Shields  Structural  De  ign  and  Analysis 
Hm,Sv'k,"  I'.S.  Army  Cores  of  E>igineers,  Huntsville 
Division,  FXDH-lIlP-l-T.,  W?.  (Ref.  9) 

Suppressive  shields  are  structures  (usually 
vented)  designed  to  arrest  fragments  and  attenuate 
Mast  and  fireball  effects  for  accidental  explo¬ 
sions  in  munitions  plants.  This  manual  includes  a 
number  ef  topics  which  can  be  quite  useful  in  esti¬ 
mating  weapons  effects,  including  prediction  meth¬ 
ods  and  data  for  free-field  blast  waves,  blast  load¬ 
ing  of  structures.  Internal  explosion  blast  and  gas 
uress>:r«  loads,  and  fragment  impact  on  structures. 
Tresentatlon  is  clear,  and  sources  are  well  refer¬ 
enced. 

Cr.rxfcrd,  Hubert  S. ,  Higgins,  Cornelius,  C. ,  Bu.'t- 
■omi,  H. ,  "The  Ail •  Farce  Manual  for  Design  and 
Analysis  cf  Hardened  " tructures ,"  Report  So.  AFUL- 
TR-?4-'.02,  Contrast  Ho.  F29601-74-C-0018,  Civil 
Stull  ear  Systems  Corporaii  an,  Albuquerque ,  Xeu  Mexico, 
October  1974,  Second  Printing  October  19,€.  (Ref.  10) 

This  manual  is  intended  for  design  to  resist 
nuclear  weapons  effects,  but  it  still  contains 
material  useful  in  estimating  some  nonnuclear 
effects.  Th  useful  parts  are  those  on  air  blast 
phenomena,  aid  ground  shock  and  cratering.  The 
treatment  if  structural  response  and  damage  largely 
repents  ’.hat  fn  Ref.  9  and  20.  Referencing  is 
extensive  and  c<ood. 

Structures  to  Resist  the  Effects  of  Accidental 
Explosions,  Ikivartment  of  the  Amy  Technical  Manual 
CM  c-:.iA',  Oei'artmc.nt  of  the  Xavy  Publication  SAVFAC 
F-397,  Department  of  the  Air  Force  Manual  AFM  83-22, 
i'cpartmcr.t  cf  the  Amy,  the  Xavy,  and  the  Air  Force, 
June  196$.  (Ref.  11) 

This  design  manual  is  the  "Bible"  foe  most 
structural  engineers  Involved  in  blast-resistant 
design  in  reinforced  concrete.  Its  strengths  are 
in  presentation  of  detailed  procedures  for  estimat¬ 
ing  blast  loading  for  internal  explosions,  failure 
modes  for  reii  forced  concrete,  structural  elements, 
and  design  of  reinforcing.  Basic  structural  design 
procedures  are  identical  to  those  presented  earlier 
by  MIT  authors. 

Thore  are  data  and  prediction  methods  for 
estimating  iree-field  blast  wave  properties,  inter¬ 
nal  and  external  blast  loads  on  structure,  frag¬ 
ment  impact  effects  on  structures,  and  blast  effects 
on  humans.  Descriptions  of  blast  loading  and  its 
effects  are  quite  good.  A  weakness  is  complete’ 
lack  of  referencing,  although  there  Is  a  reasonably 
complete  bibliography. 

This  manual  is  now  being  revised  and  updated. 
Unfortunately,  the  weaknesses  In  lack  of  referencing 
will  not  be  corrected, 

Baker,  ».  £.,  k’eetinc,  P.  S.,  Kulesa,  Hil¬ 

lock,  J.  S. ,  and  ocx,  P.  A.,  "A  Manual  for  the 
Prediction  of  Blaet  and  Fragment  Loading  on  Struc- 
turea, "  11980!,  DOF/TIO-lUee,  H. S.  Dept,  of  Energy, 
Amarillo,  TX,  Sov  1980,  (Ref.  12) 


This  voluminous  work  is  directed  toward  struc¬ 
tural  engineers  who  design  blast-resistant  struc¬ 
tures  for  accidental  explosions  involving  high  ex¬ 
plosives.  Many  graphs  and  equations,  and  many  exam¬ 
ple  problems  are  Included.  Topics  covered  are  air 
blast  from  single  and  multiple  high  explosive  sourc¬ 
es,  both  hare  and  encased;  blast  loading  of  struc¬ 
tures  for  Internal  and  external  explosions;  crater¬ 
ing  and  ground  shock  for  explosions  in  earth-covered 
structures;  and  a  very  detailed  treatment  of  frag¬ 
mentation  and  iicpact  effects  of  fragments.  General 
information  Is  given  on  dynamic  properties  of  con¬ 
struction  materitls  and  on  methods  for  dynamic 
structural  design.  Referencing  is  thorough,  and 
an  extensive  bibliography  is  also  Included. 

DISCUSSION  OF  REFERENCE  TEXTS 

There  are  a  number  of  reference  texts  which 
provide  very  useful  information  relating  to  nonnu¬ 
clear  weapons  effects.  But,  very  few  give  direct 
prediction  methods  for  such  effects.  It  Is  suggest¬ 
ed  that  the  reader  study  them  primarily  to  try  to 
understand  the  physics  of  the  complex  processes 
occurring,  for  information  on  computational  and 
experimental  methods,  and  as  general  background 
reading. 

lei ’do rich,  ia.  P. ,  and  Hazier,  Yu.  P. ,  Physics  cf 
Shock  Vattes  and  High- Tempera  jure  Hydi  idynamc 
Phenomena,  Yol.  1 ,  Academic  Press,  .V. Y.,  196$. 

(Ref.  13) 

Zel  ’dovich,  Ya.  :nd  Harder.  Xu.  ?. ,  Physics  of 
Shock  Haves  and  High-Temperature  Hudrod-.iaiTc 
Phenomena,  Yd,  n.  Academic  Press,  X.Y.,  19$'. 

(Ref.  14) 

This  two-volume  work  is  a  translation  from  the 
Russian.  If  you  want  to  make  a  detailed  study  of 
the  title  topic,  it  is  must  reading.  The  treatment 
is  very  thorough,  but  also  very  readable.  Reference 
to  related  work  worldwide  is  thorough. 

Johansson,  C.  H.  and  Terr sen,  P.  A.,  Be  tonics  of 
High  Explosives,  Academia  Press,  London  one  Hei) 

York,  1970.  (Ref.  15) 

"This  is  a  thorough  treatment  of  almost  every¬ 
thing  that  is  known  about  liquid  and  solid  explo¬ 
sives.  It  shnuldbe  the  first  source  for  anything 
you  want  to  know.  It  also  contains  many  excellent 
modem  references."  (U.  C.  Davis,  in  Ref.  5) 

Cook,  M.  A. ,  The  Science  of  High  Explosives. 
Reimnld,  .47,  2 35.9.  (Ref.  lb) 

"Here  we  have  many  useful  data,  lota  of  phe¬ 
nomenology,  and  Interesting  pictures.  Unfortunate¬ 
ly,  there  is  also  a  great  deal  of  interpretation 
which  is  not  accepted  by  other  workers  in  the  field, 
and  a  newcomer  to  the  business  has  a  hard  time 
deciding  what  to  believe  and  what  to  reject.  My 
advice  is  to  use  it  ss  a  very  valuable  source  of 
dsts,  but  to  be  careful  about  accepting  the  dis¬ 
cussion  and  conclusions."  (U.  C.  Davis,  in  Ref.  5) 

.Kinney,  G.  F.  11982},  Explosive  Shocks  in  Air, 
MacMilUm,  lieu  York,  lieu  York.  (Ref.  17) 
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Fc  „.-me  years,  this  was  one  of  the  few  read¬ 
ily  available  references  on  air  blaat  wavea.  It 
evolved  froa  a  courae  taught  by  lta  author  of  the 
V.  S.  Naval  Poatgraduate  School.  But,  the  material 
la  relatively  euperflclal  and  doea  not  at  all  re¬ 
flect  the  breadth  of  experimental  and  analytical 
work  which  had  been  done  before  It  war  published. 
Literature  citatione  are  very  United.  It  haa 
been  aupplanted  by  later  and  aore  coaprehenalve 
worka. 

hiker,  F.  (JSCS),  Exrloeions  in  Air,  iMive.reitu 
of  Teres  Frees,  Aunt  in,  Texas,  (kef.  18) 

"Although  thla  book  will  not  aatlafy  all  the 
requirements  of  either  the  caaual,  neophyte,  or 
experienced  lnveatlgator,  it  providee  by  far  the 
aoat  coaprehenalve  traataent  of  the  subject  availa¬ 
ble  in  a  ali.gle  volume,  rid  aa  au-h  it  offera  some- 
thlng  worthwhile  co  all.  A  good  b.  lance  between 
theoretical  and  experimental  appr'/aches  la  main¬ 
tained  throughout  che  book  with  adequate  mention 
of  theoretical-experimental  relatlonahlpa  and 
i.heir  importance  to  the  undemanding  of  the  blaat 
phenomena  or  aolvlng  practical  exploelon  problema." 

"Baker  doea  a  good  Job  of  dcacriblng  many 
type*  of  lnatrumentatlon  in  current  uae  for  labora¬ 
tory  or  field  applicatlona.  Mechanical,  electro¬ 
mechanical,  and  pleioel< -:trlc  gagea  are  diacuaaed. 
Mechanical,  CRO,  magnetic  tape,  and  photographic 
ayatena  and  techniquea  for  recording  tranaducer 
output  or  blaat  phenomena  directly  are  given 
adequate  treataent." 

"In  light  of  the  rapid  changea  In  lnstrumtn- 
tatlon  available  for  researchers'  uae.  It  would 
have  been  well  to  devote  a  page  or  two  to  the 
requlrementa  of  a  blaat-meaaurlng  eye tea.  A  curve 
showing  frequency  responae  requlrementa  versus 
charge  weight  (or  energy,  the  term  Baker  la  prone 
to  uae)  would  have  been  quite  helpful." 

"The  relatively  large  bibliography  la  a  fine 
feature;  the  serious  investigator  is  given  guidance 
to  sources  in  greater  depth." 

“All  in  all,  Baber's  Explosions  In  Air  la  a 
welcomed  and  noteworthy  addition  to  a  sparsely 
documented  field."  (J.  F.  Petes,  bock  review) 

Hen,'yak,  "The  •r>/*u t-r: '.'5  of  ixi'Toaior.  ,i >:./ 

Tie  t'8C, "  Ansierdar.,  Flsei'ier  A'ientific  Ful  lU'iin.i. 

(Ref.  19) 

This  book  la  a  very  useful  reference  work, 
but'  flawed.  In  some  respects,  it  la  encyclopedic, 
with  coverage  of  many  aspects  of  exploalonr  of 
chemical  high  explosives  and  the  effects  of  such 
explosions  In  air,  water,  and  earth.  Some  treat¬ 
ment  of  nuclear  explosions  la  also  included.  But, 
like  an  encyclopedia,  coverage  of  some  topics  la 
shallow  raid  doea  not  reflect  the  depth  of  material 
available  on  these  topics. 

Topics  which  are  well  coveted  Include  the 
stress  wave  theory,  detonations  and  cloae-ln 
effects  of  explosions  In  high  explosives,  explo¬ 
sions  in  soils,  underground  blasting  and  cratering 


and  response  of  elastic  and  elastoplastlc  structural 
elenentu  to  blaat  loading.  Coverage  of  elastic 
vibrations  of  structures  la  particularly  exhaustive. 
Topics  covered  In  a  more  superficial  manner  include 
explosions  in  air,  explosions  in  water,  uae  of 
explosives  in  demolition  and  seismic  effects  of 
explosions.  Scaling  laws  for  explosions  In  air  or 
water,  which  are  essential  to  these  topics,  are 
barely  mentioned. 

Aa  is  probably  natural  for  a  book  written  In 
Czechoslovakia,  references  to  work  in  eastern 
Europe  and  Russia  art  extensive,  and  rhe  Inclusion 
of  such  references  la  very  valuable  for  western 
readers.  But,  many  readily  available  references 
from  the  Vnlted  States  and  other  western  world 
sources  are  lacking,  and  many  of  the  references 
which  are  listed  are  now  dated  and  superceded  by 
later  work.  In  general,  there  are  too  few  refer¬ 
ences  to  work  more  recent  than  1969. 

Die  writing  la  clear  and  the  exposition  easy 
to  follow,  but  in  some  instances,  too  much  mathe¬ 
matical  detail  la  Included.  We  would  ha-'e  preferred 
to  see  lesa  mathematical  development  and  sure  exper¬ 
imental  data  verifying  some  of  the  theory. 

In  nummary,  this  is  a  voluminous  book  contain¬ 
ing  much  useful  information  cn  detonatlve  explosions 
of  chemical  exptoxlves,  effects  of  these  explosions, 
and  a  number  of  peripheral  topics.  But  the  reader 
is  cautioned  that  the  coverage  is  quite  Incomplete 
on  tow  topics,  and  perhaps  toi  detailed  on  other 
topics.  References  to  good  recent  worka  in  this 
field  are  also  omitted. 

Xoivia,  C.  H.,  Sana on,  Ft.  Hoi  leu,  H.  J.,  ii.jjs, 
J,  y,,  Xanyst,  S.  and  Mi  nasi,  «•’.  V.,  Stnotuivil 
Design  for  Puncnjc  loads,  NofirM-Hill  Book  Co 7, 
m,  MS.  (Ref.  20) 

This  book  first  appeared  as  a  set  of  course 
notes  for  a  short  course  taught  by  MIT  staff.  Pro¬ 
cedures  carry  over  directly  from  an  earlier  U.  S. 
Army  loins  of  Engineers  manual.  Aa  with  the  Army 
manual,  these  methods  reappear  in  many  later 
manuals.  It  is  an  excellent  introductory  text  'or 
response  of  dynamically-loaded  structures. 

Biijiir,  .¥.  ( Idei  '■ ,  Tnri'cduotion  to  Structural 

p.l'unies,  .wlr  Ctvf  ,m;,,  Xev  York, 

.'lev  Yore.  (Ref.  21) 

This  la  an  excellent  Introductory  text  for 
any  engineer  engaged  in  dynamic  structural  design. 
Biggs  is  one  of  the  authors  of  the  earlier  Army 
Corps  of  Engineers  manual,  and  Norris,  et  al. 

(Ref.  20).  Hits  book  draws  heavily  on  the  earlier 
work,  but  adds  considerable  material.  Presentation 
la  very  clear  and  understandable. 

Biker,  l’.  F, ,  Cox,  F.  A.,  Ves.ine,  P.  5.,  Kulest, 

,\  ,r.,  and  Strahlcu,  Ft.  A.,  Sjvlosip’i  Kamrils  and 
Evaluation,  Fleevic"  Scientific  Publishing  Co., 
AneterJai,  F.9S3.  (Ref.  22) 

This  new  book  discusses  a  variety  of  types  of 
explosion  sources,  and  presents  methods  (or  esti¬ 
mating  sir  blast  loads  on  and  within  structures, 


gone  clause*  of  fragment  fornatt-o  and  Impact  ef¬ 
fect*,  simplified  and  more  complex  methods  of  pre¬ 
dicting  structurel  response  and  damage  from  blast 
loading,  and  thermal  radiation  effects  froa  nonnu¬ 
clear  explosions.  Referencing  Is  thorough,  and 
there  Is  an  extensive  bibliography,  A  number  of 
example  problems  Illustrate  the  prediction  method*. 

Isnitk,  W. ,  ,  .'he  The  cry  and  Behavior  ef 

Col  liji’x;  So! ids,  f  Lkird  Arr.olJ,  Ztd,  Zrnaon ,  2A\i. 

(Ref.  23) 

This  text  gives  very  thorough  coverage  of  the 
title  topic,  both  theory  and  experiment.  If  you 
have  any  interest  In  the  elastic  and  plastic  pro¬ 
cesses  involved  vhen  solids  collide,  you  should  have 
this  book  on  your  shelf  (or  desk).  The  references 
to  the  literature  are  as  complete  as  you  could  hope 
to  find.  (In  fact,  the  earliest  reference  starts, 
"Galilei,  C....  (1638)."  It  seems  unlikely  that 
Professor  Goldsmith  missed  any  significant  referenc¬ 
es  to  this  topic  between  1638  and  I860!] 

Zukas,  d.,  Nicholas,  *• ,  Swift,  H.  F. ,  Zreezexuk, 
l.  B.,  and  lVw>1|  p.  R. ,  im:aot  Ifruantaa,  Cohn  Wiley 
S  .'['>’*■ ,  Sew  York,  19SZ.  (Ref.  24) 

In  recent  years,  the  power  of  new  computers  has 
allowed  numerical  solutions  to  the  complex  sets  of 
differential  equations,  describing  the  impact,  and 
resulting  deformation  and  penetration  processes 
occurring  in  high-speed  lnpactn.  Experimental 
methods  have  also  advanced  to  allov  some  observation 
of  the  dynamics  of  these  very  fast  processes.  This 
book  covers  both  of  these  aspects  of  high-speed 
Impact  quite  well.  If  you  ire  interested  in 
modern  technology  In  this  field,  you  should  get 
th'<  book.  Presentation  is  graphic  and  clear,  and 
ail  Sc  trees  are  well  referenced. 

Stoknan,  N.  A.,  Zemint!  Sal .  ' si ics,  ,V*V  -T  c.  .-V, 
XaVa!  Weapons  Center,  c’Jii'n.;  LUs,  CR,  Feb  197P. 

(kef.  25) 

This  book  Is  In  reality  a  report,  but  it  is 
Included  because  of  it*  direct  applicability  to 
nonnuclear  weapons  effects.  It  is  a  primer  in 
ballistics,  and  as  such  does  not  go  deeply  Into 
any  topic.  It  should  cake  good  initial  reading 
for  the  neophyte,  but  it  should  he  quickly  supple¬ 
mented  by  more  detailed  references.  The  reference 
list  in  the  report  is  quite  limited. 

Calc,  F.  H, ,  Undetvgter  Ejrolosions,  Prinoftm 
University  Press,  Pnnaeton,  3E \  1948  (Reprinted 
by  Dover  Publication^ ,  196S),  (Ref,  26) 

This  is  an  cxuple  of  a  reference  which  la 
truly  unique  In  a  field.  Cole'a  book  covered  U.S. 
and  British  research,  both  analytic  and  exptrlmtn- 
tal,  on  underwater  explosions  during  World  War  II. 
There  Is  no  other  comparable  reference  on  this 
topic,  and  much  of  tha  material  In  It  la  as  useful 
now  aa  in  1948.  Swudak's  compendium  (kef.  4) 
adds  some  never  work,  but  also  relies  very  heavily 
on  Cole'a  book.  If  you  are  interested  in  under¬ 
water  explosions,  you  must  get  a  copy  of  this  book. 


Baker,  W.  E. ,  Wee  tine,  P.  S.  and  Podge,  F.  7., 
Finilarit .1/  Methods  in  Engineering  Panamas,  Han  den 
Book  Co.,  New  Roche' te,  "v.7,  J?TJ.  (Ref.  27) 

The  predecessor  to  thia  book  was  a  set  of  notes 
for  a  short  course  on  scale  modeling  of  weapons 
effects.  The  book  it  expanded  considerably  beyond 
that  scope,  but  it  contains  chapters  on  scaling  of 
air  blast  waves  and  impact  forces,  scaling  xf  dynam¬ 
ic  elastic  and  plastir  response  of  structures,  scale 
modeling  of  penetration  mechanics,  modeling  of 
rigid-body  dynamics  of  structures,  and  scaling  of 
cratering  from  buried  explosions.  The  reference 
l<st  is  thorough. 

There  are  a  number  of  example  problems,  keyed 
to  individual  chapters. 

CLOSURE 

The  limited  Hat  of  broad  references  reviewed 
in  this  paper  have,  for  the  most  part,  proved 
very  useful  to  staff  members  at  Southwest  Research 
Institute  in  prediction  and  evaluation  of  a  number 
of  conventional  weapons  effects,  even  though  only 
a  few  of  them  were  Intended  for  that  purpose.  We 
have  found  that  having  a  reference  ahelf  with 
general,  unclassified  reference*  of  this  kind  is 
often  far  more  valuable  than  having  many  file  cabi¬ 
nets  full  of  claaaifiod  references. 

Let  us  coaaent  on  the  availability  of  the  27 
general  references  on  our  list.  Those  which  have 
an  accession  number  for  National  Tachnlcal  Infor¬ 
mation  Services  (NTIS)  are  readily  available  at  a 
nominal  cost,  and  we  have  given  those  numbers 
which  we  know.  Procedures  for  obtaining  the  design 
manuals  are  often  more  difficult,  You  must  usually 
contact  the  sponsor  for  the  manual  preparation  and 
beg  for  x  copy.  Obtaining  the  never  reference 
texts  in  our  list  is  not  difficult,  provided  you 
are  villlng  to  pay  the  (sometimes  outlandish)  pur¬ 
chase  price.  Any  published  more  than  10  years 
ago  are  probably  out  of  print,  and  thus  obtaining 
a  copy  can  be  quite  difficult.  Unfortunately,  for 
a  few  very  useful  references  such  as  Refs.  2  and  5, 
extra  copies  are  r.ow  almost  Impossible  to  obtain, 
and  you  must  rely  on  friendship  with  someone  who 
happens  to  have  access  to  a  few  spare  copies. 
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This  paper  is  concerned  with  the  analysis  of 
Hertzian  f opart  of  a  band-suppOTted,  thick-rim 
i* l wheel  against  an  elastic  containment  ring.  The 
tol  loving  topics  are  addressed:  consideration  .'f 
niobahle  failure  mode  of  the  flywheel*  estimation 
of  impact  velocity,  prediction  of  maximum  condi¬ 
tions  at  contact*  prediction  of  the  maximum 
bending  stress  In  the  impulsively  loaded  contain¬ 
ment  ring,  and  sample  calculation  for  a  proposed 
v* ont a i nmen r  ring. 

n- 

INTRODUCTION 

The  t  ut:ct  ion*  of  a  containment  shield  tor  an 
automotive  energy-storage  fiyvheel  system  are: 

1,  Vacuum  preservation 

2.  Protection  against  flywheel  failure 
}.  Protection  against  external  impact 

Designing  tor  the  vacuum  containment  function 
jnvdvej  a  relatively  simple  static  external- 
pressure  vessel  analysis.  Furthermore,  this 
function  is  independent  of  type,  mass,  and  rota¬ 
tional  speed  of  the  flywheel.  Thus,  it  will  not 
be  discussed  further  here. 

Designing  for  protection  against  flywheel 
failure  has  certain  similarities  to  rotor-burst  - 
protect  Ion  shields  for  turbine  engines.  The 
latter  problem  has  been  lelative'y  extensively 
investigated;  see,  for  instance  (1-3).  In  compar¬ 
ison,  almost  no  attention  has  been  directed  toward 
flywheel  containment  (4),  except  for  (V)  which 
appeared  subsequent  to  completion  of  thi  work  des¬ 
cribed  herein.  -Thus,  In  this  work,  attention  is 
concviu rat vd  on  this  problem,  with  particular 
reference  to  the  benign  failure  characteristics 
encountered  in  spin  tests  on  band-supported, 
graphite-epoxy  rim  flywheels  lb).  The  present 
work  can  be  considered  ie  be  i  correction  and 
extension  of  preliminary  work  reported  In  Section 
4  of  (7). 

Protection  against  external  impact  is  un¬ 
doubtedly  important  In  automotive  applications,  in 
connection  with  a  head-on  collision,  for  instate*. 
However,  the  extent  of  the  collision  which  must  be 
borne  bv  the  automobile's  chassis  and  that  which 


must  be  taken  by  the  flywheel  containment  depends 
considerably  upon  the  detail  design  of  the  specific 
vehicle  concerned.  Thus,  considerat Ion  of  this 
aspect  of  containment  will  not  be  discussed  further. 


METHODOLOGY  OF  ANALYSIS 

The  philosophy  upon  which  this  analysis  is 
based  is  analogous  to  that  used  by  Timoshenko  tor 
impact  on  straight  beams  (8]  and  by  Yang  (9)  fci 
Impact  on  plates  and  shallow  spherical  shells.  The 
analysis  consists  of  the  following  steps: 

1.  Consider.it ion  of  probable  failure  modes 

2.  Estimation  of  worst -case  initial  conditions 
l impact  velocity)  from  elementary  whirling 
theory  and  other  considerations 

1.  Prediction  of  maximum  impact  force,  contact 
stress,  and  contact  time  from  Hertzian  contact 
theory 

4.  Prediction  of  maximum  bending  stress  iron 
impulsively- loaded  ring  theory 
Selection  of  suitable  material  ami  thickness 
for  containment  rings  (sample  calculation) 


PROBABLE  FAILURE  MODES 

In  all  of  the  spin  tests  previously  mentioned, 
the  flywheel  rim  remained  intact.  This  is  In  con¬ 
trast  to  turbine  disks  and  other  metallic  rotating 
disks,  which  generally  fall  in  threv  large  pie- 
shaped  fragments.  It  is  not  definitively  known  at 
this  time  whether  this  d.*  tference  is  due  primarily 
to  the  differences  in  naierlal  (filamentary  com¬ 
posite  vs,  monolithic),  stress  statr  (essentially 
uniaxial  in  a  ring  versus  highly  biaxial  in  a 
disk) ,  or  both. 

The  types  of  failure  encountered  in  the  tests 
of  Ref.  (6)  were  either  shaft  failure  ut  the 
necked-down  breakaway  portion  of  the*  shaft  or  band 
failures.  The  former  failure  is  merely  a  test- 
facility  protective  device  and  probably  would  not 
be  desirable  or  even  feasible  in  vehicular  appli¬ 
cations.  Thus,  primary  concern  here  is  with  band 
failure,  which  may  be  due  to  either  excessive  ten¬ 
sion  or  compressive  buckling.  In  either  case  the 
failure  may  be  quite  sudden.  However,  there  is  a 
question  as  to  how  many  bands  would  fail.  If  the 
rim  was  in  an  out-of-plane  tilting  mode  it  the 
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t  he  rim  would  ho 


i ii»«  of  failure.  It  nti fiht  be  expected  that  oi< I > 
band*  on  oitli.  r  l hr  top  *>*  the  bett?*  would  fall. 
Thla  would  induce  a  tilt  In*  typo  action  which  would 
nut  ho  i ho  wornt  case  to  contain,  ilneo  tho  Impact 
with  tho  containment  shield  would  ho  oblique  tathci 
than  nnrail  (radial).  However,  preliminary  calcu¬ 
lations  reported  In  (10)  indicated  that  buckling, 
a ay  in  the  top  hands,  and  tenallo  failure  in  the 
hot  ton  ones  would  occur  at  alaoat  tho  sane  tilt 
an*!r.  Thu*,  it  it  plausible  that  even  under 
tilt  in*  action  both  top  and  bottoa  bands  could 
tail.  Of  course,  in  tho  case  of  an  in-plano 
tr.tnalat  tonal  whirling,  tho  top  and  button  bands 
would  ho  exposed  to  identical  conditions  and  thus 
would  bo  expected  to  tail  simultaneous !r  and 
result  in  nornal  (radial)  Inpact. 

When  s  band  falls,  in  say  tension,  on  one 
side  cf  the  hub.  deprndlng  upon  tho  hub  design,  it 
atav  or  nav  net  carry  through  to  It*  continuation 
on  tho  opposite  side  of  tho  hub.  In  one  of  tho 
flywheel  designs,  this  depends  upon  Che  frictional 
or  an>chanfcal  splaying  reatralnt  at  the  hub.  In 
the  other  design,  if  one  band  fails,  tho  renainder 
nav  or  nav  not  renaln  effective. 


ESTIMATION  0»  IMPACT  VELOCITY 

To  eatlnate  the  maximum  distance  fron  the 
center  of  the  rln  to  the  center  of  the  hub,  the 
following  approxlnate  equation  of  notion  for 
forced  synchronous  whirling  of  a  slngle-degree-of- 
freedom  system  Is  used: 

nfr  *  (b/..)r  ♦  Hr  •  n^e..-  cos  ..t  (1) 

Here,  mr  mass  of  rln,  r  radial  displacement  of 
rin  center,  b  material  damping  factor  for  thc 
baiiu  material,  K  ill- plane  spring  constant  ul'  the 
entire  band  subsystem,  e  -  initial  eccentricity  >i 
rin,  ..  rotational  speed,  t  Cine,  and  a  dot 
denotes  differentiation  with,  respect  to  tine. 

The  amplitude  of  the  general  solution  of 
equation  (1)  is  given  by 

r  •  n^etl- /|(K -nric  )'  ♦  b*  I**  (.’) 

The  naximua  anplitude  at  resonance  (,:-  •  K/b  ) 

IK 

Jnax  *  (K/b)*'  (J> 

However,  for  K  •  1.219  x  10'  lb/ln.  ami  *,  • 

0.04}  lb-sec'/in- ,  this  Is  predlited  to  Occur  at  a 
speed  of  (60/2*)(1.219  x  UT/O  Os))1*  -  al,2b0  rpn, 
which  la  well  beyond  the  design  maximum  operating 
speel  of  32,000  rpn.  At  12,000  rpn  •  ),)M 
rad/sec),  b/K  ■  0.0172,  and  e  *  0.010  In., 
equation  (2)  yields  r  *  0.0004  In.  However,  for 
more  realistic  drsljpi,  based  on  the  results  of  111:, 
a  dynamic  magnification  factor  of  1.0  will  be  used, 
i.e. ,  r  «•  0.010  In. 

Coder  ilese  conditions  the  peripheral  velo¬ 
city  and  railal  acceleration  of  the  aass  center  of 


v  •  ,r  •  0.151)10.010  ■  33. S  In. /sec  or 

2.79  ft  /sec 

*  .•  t  *  112,000  in. /sec-  or  291  g's 

It  is  conservat ivelv  assumed  that  upon  failure 
the  hands  offet  no  radlat  restraint  and  that  there 
la  s  0. 020-In.  radial  clearance  between  the  rln 
perlpherv  and  the  inside  of  the  containment  hous¬ 
ing.  Thus,  the  radial  velocity  at  impact,  for  a 
total  travol  *  •  0.02g  -  0.010  *  0.01*  In.,  would 
bo 

*  (2  s)**  »  61.5  In. /sec 

Thus,  the  resultant  impact  ve loci'"  would  have 
a  magnitude  of 

t 

v  *  iv  ♦  v  )'  •  bl.h  in. /sec  or  5.10  ft/sec 
o  r  tan 


PREDICTION  Or  CONTACT  CONDITIONS 

To  predict  the  contact  displacement ,  force, 
and  compressive  (hearing)  stress  in  the  contain¬ 
ment  ,  the  perfectly  elastic  Hurt  flan  tmpa  t  there 
as  developed  hv  Goldsmith  [12]  Is  used,  fne  con¬ 
tainment  parameters  are  denoted  bv  subscript  I  and 
th»  rim  ones  by  subscript  2.  The  inside  surfs, e 
of  the  containment  is  assumed  to  be  perfectly 
cylindrical  with  an  inside  radius  of  10.02*  In. 

Thus,  In  the  sign  convention  of  Horttlan  contact 
theory,  1/Rj  *  0  and  1/Hj  *  -  1/10.02*  in. 

The  flvvhecl  rim  Is  toroldally  curved  with 
these  curvatures:  1/R>  *  1/0.9474  in.*  and 
1/R,  -  1/10.000  In. 

Since  il  is  assumed  that  the  principal  axes 
oi  the  rim  and  containment  shield  are  aligned, 
Cwldsmtth’s  angle  .-  •  0.  Then  the  Hertzian  geo¬ 
metric  parameters  A  and  *  can  be  calculated  simply 

as 

A  •  (1/2)| (l/R.)  ♦  (1/R,)| 

(4) 

B  *  (1/2)| (1/Rjl  ♦  (1/K2)! 

Here,  A  •  0.00140  in.*'  and  B  •  0.42*  In.  *. 
Thus,  A/B  *  0.00265  amj  by  interpolating  Goldsmith's 
|12|  Table  5,  page  87,  one  obtains  factors  q,  • 

14.7  and  q  -  0.170.  To  obtain  q  *  1.8',  it 
was  necessary  to  extrapolate  Goldsmith's  values  bv 
plotting  on  log- log  paper. 

The  contact  force  P  it  related  to  the  contact 
displacement  a  as  follows: 


s 

The  radius  R>  is  calculated  from  the  respective 
uxUI  and  raJi.il  semi-axes  of  tow  elliptical  cross 
section  of  the  rim  (1  5and2.175  in.,  respectively; 
see  Fig.  At  in  |10))  as  (1.5W2.175  •  0.9474  In. 
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where  v  is  the  relative  velocity  at  Initial  .on-  Hrrr,  Ar  cro  Ji-»ec  t  lonsl  area  of  containment 

t,o-i,  t'  is  time.  and  i„  anti  Fs  are  the  Maximum  ring,  I  rectangular  area  of  moment  of  inertia  of 

valuer  "t  the  d  i  sp  lac  omen  t  and  force,  respect  ivelv.  rln*  cross  section  about  the  appropriate  centrotdal 
,  .  axis,  *  aean  radius  ol  containment  ring.  It  Ir 

i  -  (?  vt/4k.k  )  (6)  noted  that  equations  (14)  and  (IS)  both  differ 

m  °  slightly  fro*  those  given  by  Mittal,  since  his 

..  1/2  ,  ,,,  ,  1/S  b'S  /  l/S  ,  ,,  paper  had  some  obvious  typographical  errors. 

W*  1.141  k^  vo  /kj  (.) 


Hotf,  th*  following  addttion.il  parameter*  ar«* 
defined  as 

k,  < 1 /rt )  ♦  vi/a,)  (81 

1  1  a- 


*  (,  +  •,)  (A  ♦  B)  ’ 

,  (1  -  ,  1/-K.  ;  •,  u  -  ,)  -r.2  (10) 

vhere  E  is  Young's  modulus  and  is  Poisson's 
rat io. 

The  total  time  of  contact  :  is  given  by 


:  *  2.9412  !  /v 

m  o 


The  contact  area  is  an  ellipse  with  semi-axes 
a  and  b: 

a  -  q  KJK  /*)(•.  +  >,)/(*  4  B)l1/i 

a  “  1  1.2) 

b  *  *W'a 

I'hv  1'v.ik  eo»|«r«9»»ivtf  mivss  developed  i»; 

giver,  by 

-  (3/2)(l./  ab)  (11) 


DYNAMIC  STRESS  ANALYSIS  OF  CONTAINMENT  R1NC 

TO  determine  the  peak  dynamic  bending  moment 
in  the  containment  ring,  the  analysis  hv  Mittal 
till  is  used.  Mittal  showed  that  for  a  circular 
ring  subjected  to  a  concentrated  loading  that  is  a 
half-sine  pul.e  in  time,  l.e.,  equation  (?) ,  the 
maximum  bending  moment  occurs  at  some  value  of 
llm  tp  0  >  t  '  i>  for  this  time  Interval,  the 
bending  moment  is  given  by 

K-  -  (r>/2)(E1I/,.1Ar)l/i,C./r)l/;£!f(x) 

-  (1/2)  cos  (»£/•.)  ♦  (1/2)  sin  (*t/t)J 
-t-  (F^i/J-XEjl/o^Xa.RWl/R3) 

♦It  -  ( r /- )  sin  (*t/;)|  (14) 

where  *  !  ‘/2t77  and 


SAMPLE  CALCVUTION 

A  sample  calculation  is  carried  out  here  lor 
a  cofilainuent  ring  of  aramld  flber/epoxv  matrix 
composite  with  Ej  ■  11.0  x  10^  pal,  .j  »  0.34* 

.jK  “  0.050  lb/in. 1  and  the  Sandla  flywheel  rln  of 
graphite  flber/epoxv  matrix  composite  with  ^2  " 
18.0  a  IO*'  pat,  -2  »  0.27,  *2  •  0.043  lb-sec*/in. 
The  containment  ring  dimenalonx  are  an  axial  length 
of  3.00  in.  and  a  radial  thickness  of  1.00  in. 

Thus,  the  containment  ring  has  a  mean  radius  of 
10.5-8  in*  and  a  mass 

■j  ■  2- ( 10. 528) ( 3.00) (1.00) (0.050/386) 

■  0.0257  lb-sec- /in. 

IHlng  equations  (10),  one  obtains  ■ 

2.56  x  10'?  In. -/lb  and  fj  *  1.64  x  10~?  In. '/lb. 
Then  equations  (8)  and  (9)  yield  kj  *  *2.17 
in./lb-‘iec*  and  kj  ■  89.62  x  10s  lb/(in.)'*^. 

From  equations  (6),  (7),  and  (11),  one  get!  • 

0.00  383  in.,  Fa  -  21,200  lb,  and  t  -  177  x  10*''  sec. 

Application  of  equations  (12)  yields  a  « 

1.703  In.  and  b  "  0.0429  in.  Using  these  values 
In  equation  (13),  one  obtains  jc>  «  139,000  psl, 
which  is  an  acceptable  value  for  the  Hertrian  con¬ 
tact  compressive  stress  in  this  matrrisl. 

By  examination  of  the  numerical  results  given 
by  Mittal  { 13]  and  some  further  calculations.  It 
can  be  shown  that  the  peak  bending  moment  always 
occurs  when  t / t  :  0.72.  Then,  application  of 
equations  (15)  and  (14)  yield  i(x)  »  0.2449  and  a 
peak  moment  |m„|  •  21,600  lb-in.,  respectively. 

Finally,  the  maximum  bending  stress  is  given 

'  t  “  *>  |M.  I/WI-  -  6(21  ,b00)  /( 3.00)  (1.00)-  -  43,200  psl 

This  ls a  very  reasonable  tensile  stress  for  aramld- 
epoxy,  which  has  an  ultimate  tensile  strength  of 
200,000  psi.  However,  It  may  be  marginal  on  the 
compresalve  side  of  the  bend. 

It  is  noted  that  the  calculated-  weight  of  the 
1.0- in.  thick  aremid-epoxy  containment  ring  ls  only 
9.92  lb.  It  should  be  emphaslted  that  this  weight 
is  equal  to  that  of  an  aluminum  containment  rln; 
0.S0  in.  thick  or  a  steel  containment  ring  0.177 
in.  thick 
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discission 

tn  thin  section  Air  discussed  the  .mp] test  Ions 
of  the  numerous  engineering  approximations  which 
have  hern  made  In  the  foregoing  analysis  in  order 
t«  obtain  relatively  staple  closed-fora  solutions. 

The  present  analysis  has  been  based  upon 
Hrrtilan  elast'c  contact  theory,  which  In  itself 
has  soae  engineer  In*  approxiaat tons .  However, 
relatively  recent  drnamic-cont act  experiments  by 
several  different  Investigators  (14,1})  have 
corroborated  this  theory.  This  was  true  even  In 
the  experlaents  of  (14|  which  used  lapact  condition 
t.iat  were  chosen  to  maximise  the  effects  of  stress- 
wave  energy  dissipation.  The  question  of  the 
ef'ects  of  aaterlal  damping  and  localised  yielding 
in  the  vicinity  of  contact  were  investigated  by 
Chou  and  Flia  |lb|  for  the  case  of  dynaaic  contact 
loading  of  straight  beaswi.  They  concluded  that 
these  effects  i educed  the  peak  stresses  only 
sllghtlv.  Thus,  Hertzian  theory  should  be  slightly 
conservative,  which,  of  coarse,  it  usually  de¬ 
sirable  for  design  purposes. 

Perhaps  the  most  questionable  assumption  u:  v* 
here  it  the  use  of  isotropic-material  contact 
■tress  theory.  The  theory  could  be  improved,  a: 
the  cost  of  considerable  complexity,  by  cosbinliif. 
anlno’roptc  elasticity  results  for  the  potnt-lonjed 
half-space  froc  Lekhnltsk.il  111)  n  a  aanner  ana¬ 
logous  to  Coldsaith's  development  rf  Hcrttian 
dynaaic  contact  for  isotropic  aed<a  (12). 

There  may  be  some  question  regarding  the 
validity  of  using  Mittal's  thln-rtag  theory  for  a 
ring  which  has  a  0.10  ratio  of  radial  depth  to 
inside  riug  radius.  Although  ao-e  accurate  rtr.; 
theory  Including  transverae  shear  deformation  end 
rotatory  Inertia  la  now  available  (181,  the  Mor'.ey 
theory  uaed  by  Niltai  has  been  shown  to  be  adc-.-aalw 
for  thlcknass-to-radlus  ratios  at  high  as  0.5  {19). 

It  should  al»o  be  mentions.  that  the  addi¬ 
tional  restraint  provided  by  the  end  plates, 

lo.ated  above  and  below  the  flywheel  and  necessary 
fer  vacuum  preservation,  has  been  neglect cJ  in  the 
pro  lent  scaly* is  Again,  this  it  another  factor 

which  would  provide  additional  structuril  integrity 
beyond  that  computed  here. 

Finally,  It  should  be  kept  in  altid  that  the 
ptesent  analysis  has  not  addressed  the  problem  ot 
frictional  heating  due  tc  the  abras.ve  rubbing  of 
the  flywheel  perlpery  against  the  Inside  of  the 
containment  >tng. 
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ABSTRACT 

The  two  major  data  bases  connected 
with  underground  blast  effects  on  struc* 
tures  arc  utilized  to  cbtain  rational  pro¬ 
cedures  for  solving  -  approximately  -  the 
two  fundamental  engineering  problems.  The 
data  bases  are,  II  accelerogram  records  at 
points  in  the  field  affected  by  the  blast 
and  2)  isoseismal  contour  maps  for  the  en¬ 
tire  field  affected  by  the  blast.  These 
ther.  lead  to  analytic  expressions  and  charts 
for  the  engineering  problems,  namely  1) 
damage  assessment  and  2)  structural  design/ 
analysis^ 

INTRODUCTION 

The  theory  and  procedures  to  be  des¬ 
cribed  were  developed  during  the  course  of 
earthquake  engineering  research.  However, 
all  the  results  obtained, suitably  scaled, 
apply  as  well  to  the  underground  blast 
phenomenon.  As  is  well  known  the  earth¬ 
quake  mechanism  has  been  likened,  physical¬ 
ly,  to  the  equivalent  of  an  underground  ex¬ 
plosion  of  enormous  initial  energy. 

Thus,  the  presentation  will  utilize 
equations  and  charts  that  were  obtained  in 
studies  related  tc  earthquakes.  But  all 
the  procedures,  all  the  equations,  all  the 
charts  apply  as  well  for  the  underground 
blasts  which  are  the  topic  of  this  symposi¬ 
um.  The  numerical  values  of  the  different 
terms  will  very  likely  vary  from  those  ob¬ 
tained  for  earthquakes  and  used  in  this 
report.  But  the  fundamental  techniques  are 
the  same.  In  fact,  underground  blast  phen¬ 
omena  afford  an  excellent  means  for  check¬ 
ing  the  more  comprehensive  predictions 
which  follow  from  the  application  of  the 
theory  to  the  earthquake  event. 

BASIC  ASSUMPTIONS 

This  research  is  founded  on  three  fun¬ 
damental  (and  related)  premises: 

1)  Underground  blast  engineering  (here¬ 
after  designated  as  USE)  is  a  unique  disci¬ 
pline  in  the  overall  field  of  applied  mech¬ 
anics,  just  as  for  example,  elasticity 


and  heat  flow  are  separate  and  different. 
Therefore,  UBE  has  its  own  particular  in¬ 
variants,  parameters,  equations,  variables 
and  similar  quantities  -  and  furthermore 
these  should  be  very  different  from  the 
other  well-known  terms  ar.d  relations  in 
applied  mechanics. 

2)  The  sources  or  fountain  heads  for  all 
the  quantities  mentioned  above  (the  invar¬ 
iants,  parameters  etc.)  will  be  the  two 
major  observation  banks  (or  experimental 
data  or  field  data)  of  UBE,  these  being 

a)  The  accelerogram  which,  physically, 
must  be  related  in  some  fashion  to  the  var¬ 
iation  with  time  of  ground  surface  energy 
at  a  point  in  the  blast  field. 

b)  The  isoseismal  contour  map  which,  phy¬ 
sically,  must  be  related  in  some  fashion  to 
the  variation  with  distance  of  the  ground 
surface  energy  over  the  entire  area  affec¬ 
ted  by  the  blast . 

Note,  therefore,  that  proceeding  from 
1)  to  2)  above  we  are  led  directly  to 

3)  namely,  energy  is  the  key  element,  the 
basic  ingredient  in  the  entire  underground 
blast  event,  starting  from  its  initiation 
(the  explosion)  and  proceeding  timewise 
and  spacewise  until  itc  completion  with  the 
accompanying  effect  upon  and  response  of 
structures. 

The  research  -  which  will  be  reported 
elsewhere  in  its  entirety  (Ref.  1)  covers 
every  facet  of  the  blast  from  its  initia¬ 
tion  (a  blast  mechanism)  up  to  and  includ¬ 
ing  its  effect  on  and  the  response  of 
structures.  New  parameters,  invariants, 
equations  and  similar  relations  are  intro¬ 
duced  and  a  complete  unified,  rational 
approximate  theory  of  UBE  is  developed. 

The  theory  is  based  upon  reasonable 
mathematical,  physical  and  technological 
assumptions,  is  dimensionally  sound  and 
represents  logical,  integrated  over-all 
approaches  to  all  facets  of  the  blast  event. 
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As  in  all  engineering  design  applications, 
certain  experimental  (field)  data  must  be 
obtained  in  order  to  establish  "allowables" 
or  equivalent  terms.  At  this  time  only  a 
limited  fund  of  such  quantities  is  avail¬ 
able  and  the  applications  are  limited  in 
this  respect.  However,  the  entire  develop¬ 
ment  is  "self-correcting"  in  the  sense  that 
as  more  and  more  data  is  collected  and 
utilized,  corrections  and  modifications  to 
the  working  data  can  be  made  without  diffi¬ 
culty  until  finally,  the  design  relations, 
curves  and  charts  will  be  established  with 
sufficient  accuracy  so  that  ordinary  en¬ 
gineering  design  offices  can  use  them  with 
a  ie''el  of  confidence  suitable  for  engin¬ 
eering  purposes.  The  author  suggests  that 
even  at  t.iis  time,  there  probably  is  suf¬ 
ficient  data  available  (possibly  in  the 
classified  files)  to  permit  its  use  -  at 
the  appropriate  approximate  level. 

In  this  report  only  that  portion  of 
the  study  dealing  with  damage  to  structur¬ 
es  will  be  dealt  with  in  detail  and  because 
of  space  limitations,  only  the  results  will 
be  presented.  The  details  are  described 
elsewhere  -  as  are  the  applications  to  the 
structural  design  and  analysis  phases  of  the 
problem. 

THE  ACCELEROGRAM  INVARIANT  AND  PARAMETERS 

A  typical  earthquake  accelerogram  is 
shown  below.  Fig,  la.  We  assume  that  ex¬ 
cept  possibly  for  scale,  the  underground 
blast  accelerogram  is  similar.  Hence  the 
discussion  which  follows  applies  to  UBE. 


A  mathema'  ical  derivation  leads  to  an 
invariant  exprt  on  (the  "acceleration  inr' 
dex")  which  holds  for  "canonical"  acceler- 


The  numerical  values  obtained  in  Eq. 
1  apply  to  earthquakes.  They  probably 
differ  for  underground  blasts.  In  any 
case,  these  values  can  be  established 
without  difficulty. 

For  those  accelerograms  that  are  not 
"canonical",  typically  as  in  Fig.  3,  we 


An  analysis  and  study  of  a  number  of 
accelerograms,  as  well  |s  physical  consid¬ 
erations,  suggest  thatt£  (ait)  and  t  are 
the  important  variables  in  this  phenomenan, 
and  in  particular  l  (aAt)f  and  tj  are  the 

fundamental  parameters.  Fig.  lb. 


ct  -  surface  horizontal  energy  per  unit  ef 
fective  area  between  the  tines  tj  and  t  at 
the  accelerogram  location. 


et{  «*  same  for  t  »  tj 


JO 


In  Eq.  2  also  th<  numbers  may  be  dif¬ 
ferent  for  underground  blasts. 


For  2  or  >nore  superposed  canonical  rec¬ 
ords  (Fig.  3)  we  superpose  the  energy  ex¬ 
pressions,  Eq.  2,  Fig.  4. 

THE  GEOLOGY  AND  MEASURES  OF  DAMAGE 


Physically,  we  must  assume  that  the 
•geology"  of  a  region  affects  the  ground 
behavior  and  structural  response  due  to 
underground  blasts.  He  assume,  at  this 
time,  three  different  "geologies*,  designa¬ 
ted  as  Ri,  R2,  and  R3,  to  be  defined  follow¬ 
ing  further  study  of  this  variable.  Xt  is 
conceivable  that  a  smaller  (or  larger)  num¬ 
ber  of  separate  geologies  is  required  to 
account  for  all  possible  situations.  In  a 
general  way,  frequency  of  the  acceleration 
is  accounted  for  in  this  classification. 
These  geological  designations  are  used  in 
the  mathematical,  physical  and  technical 
formulations  throughout  the  research,  as  we 
shall  see  typically,  in  tne  present  damage 
assessment  portion  of  the  study. 

He  assume  "damage"  is  defined  by  an 
"Intensity  Number,"  I,  as  given  in  a  (pos¬ 
sibly  modified)  Mercalli  type  Scale,  cn  an 
"isoseismal  contour  map”.  Fio.  5  shows  such 
a  map  for  an  earthquake.  Its  form  will  be 
similar  but  the  values  may  differ  for  an 
underground  blast. 

THE  ISOSEISMAL  INVARIANT  AND  PARAMETERS 

An  analysis  and  study  of  28  earthquakes 
during  t.ie  past  500  years,  occur ing  all 
over  the  ecrth,  as  well  as  physical  consi¬ 
derations  ,  suggest  that  ?  (IS)  and  S  are 

8-0 

the  important  variables  in- this  phenomenon 
and  in  particular  that  E  <IS)f  and  S^  are 
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the  fundamental  parameters. 

A  mathematical  derivation  leads  to  an 
invariant  expression  (the  "isoseismal  in¬ 
dex")  which  holds  for  all  28  earthquakes, 
this  being  Eq.  3, 


which  plots  as  Fig.  6 


The  author  suggests  that  a  similar 
equation  and  curve  will  hold  for  under¬ 
ground  blasts  -  suitably  modified,  if  nec¬ 
essary,  for  "geology". 

By  utilizing  an  alternate  but  equiv¬ 
alent  postulated  mathematical  formulation, 
equating  equal  terms  and  integrating,  we 
obtain  an  equation  for  the  spacewise  varia¬ 
tion  of  horizontal  ground  energy  over  the 
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entire  field  affected  by  the  earthquake, 
Eq.  4,  which  plots  as  Fig.  7. 


r 


W  =  total  surface  horizontal  energy  between 
the  small  radius  Si  and  the  radius  S. 

H  =  same  as  above  for  S  -  Sf 


THE  DAMAGE  ASSESSMENT  CURVES 

In  this  theory,  I(ait)f  and  tf  and 
I  (IS) f  and  Sf  are  the  key  parameters  in  the 
rational  underground  blast  analysis  and 
must  be  included  in  all  theoretical  devel¬ 
opments  connected  with  the  blast  phenomena. 
Thus 

A)  Physically,  Kaatlf  and  tf  must  be  con¬ 
nected  with  the  damage  of  structures.  A 
study  of  a  limited  number  of  earthquake 
accelerograms  (corrected  for  direction) 
that  had  isoseismal  maps  for  the  same  events 
leads  to  a  preliminary  damage  (intensity) 
map  as  follows,  Fig.  8,  for  earthquakes. 

A  similar,  suitably  modified  chart,  should 
apply  to  underground  blasts. 

If  we  have  a  superposed  accelerogram  as 
in  Fig.  3,  the  author  suggests  at  this 
time  that  the  separate  :(ait)£  and  tf 
values  for  each  separate  canonical  envelope 
be  added.  Then  use  these  sums  in  Fig.  8 

B)  Physically,  I(IS)f  and  Sf  must  be  re¬ 
lated  to  the  magnitude,  M,  and  hence  the 
energy,  of  the  underground  blast.  For  ex¬ 
ample,  by  using  the  28  earthquakes  we  find 
Fig.  9,  (and  a  similar  representation  will 
apply  for  the  underground  blasts)  so  that 


Fig.  9,  for  a  given  M  and  R  we  can  deter¬ 
mine  Kislf  and  Sf  and  the  corresponding 
isoseismal-  map  may  be  computed  and  plotted, 
Fig.  10,  from  which  the  damage  may  be  assess¬ 
ed  . 

THE  STRUCTURAL  DESIGN  PROCESS 

Very  briefly  (because  of  space  limita¬ 
tions)  -  the  structural  design  and/or  analy¬ 
sis  phase  of  the  study  utilizes  the  energy 
concept  in  conjunction  with  the  accelero¬ 
gram  and  isoseismal  invariants  and  para¬ 
meters  previously  described.  The  details 
are  described  in  Ref  le  and  If. 
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In  applying  the  method,  symmetry  and 
anti-symmetry  are  the  basic  tools  used.  A 
free-free  form  of  vibration  is  assumed 
which  requires  the  estimation  of  an  "equi¬ 
valent*  length,  i.  The  energy  to  be  absorb¬ 
ed  by  the  structure  requires  the  deter¬ 
mination  of  an  ’effective  area,  ae*.  Sym¬ 
metrical  and  anti-symmetrical  energy  and 
vibrational  configurations  are  utilised  and 
the  entire  process  leads  to  an  approximate 
analysis  that  includes  all  of  the  varia¬ 
bles  that  should  enter  into  an  underground 
blast  analysis  in  a  form  that  can  b,>  used 
by  ordinary  engineering  design  offices. 

CONCLUSION 

The  design  Drocess,  as  in  all  engin¬ 
eering  design,  starts  with  specif ied  or  code 
or  judgement  design  decisions.  These  could 
be,  typically, 

a)  A  specified  canonical  accelerogram  or 
cluster  cf  canonical  accelerograms  with 
given  separate  I(aAt)f  and  tf  values  and 
geology. 

or 

b)  A  given  blast  magnitude,  efficiency 'and - 
geology  from  which  fdSIf  and  Sf  are 
obtained. 

or  other  similar  data. 

From  these,  using  the  equations  and 
charts  derived  from  this  theory,  we  can  de¬ 
termine  all  of  the  necessary  UBE  parame¬ 
ters  requi.ed  for  the  rational,  analytical 
assessment  of  damage  and  for  the  struc¬ 
tural  design. 

There  is  no  doubt  whatever,  that  every 
underground  blast  is  different,  in  detail, 


from  every  other  underground  blast  tnat  nai 
ever  occurred,  wherever  it  occurred. 

But,  by  the  aame  token,  because  the 
blast  ia  a  natural  phenomenon,  it  must  also 
be  true  that,  overall,  in  the  large,  there 
are  certain  relationships  or  equations  or 
parameters  that  are  approximately  common 
to  all  underground  blasts. 

These  relationships  or  equations  oi 
parameters  are  here  celled  the  invariants 
of  the  blast  phenomenon  and  the  writer  sug¬ 
gests  that  any  attempt  to  obtain  a  rational, 
quantitative,  scientifc  theory  for  UBE  must 
start  with  a  consideration  of  these  basic 
building  blocks  -  the  invariants. 

To  uncover  these  the  research  was 
guided  strongly  by  physical-engineering- 
mathematical  considerations  founded  on 
available  earthquake  tests  and  experiments 
which,  initially,  surfaced  in  the  form  of 
hypotheses.  By  extension  the  hypotheses 
permitted  the  derivations  of  new  mathema¬ 
tical  expressions  which  include  those  phys¬ 
ical-engineering  terms  that  must  occur  in 
UBE  theory.  These  new  expressions  predict 
new  phenomena  which  are  capable  of  experi¬ 
mental  check. 

Should  the  new  relations  check  out  - 
with  accuracy  consistent  with  the  observed 
data  and  sufficiently  precise  for  engineer¬ 
ing  applications  then  one  may  with  some 
confidence  assume  they  represent  an  accept¬ 
able  theory  for  the  UBE  event. 

Closely  related  to  the  above  is  the 
fact  that  in  all  fields  of  applied  engineer¬ 
ing,  an  essential  requirement  for  the  engin¬ 
eer  is  the  collection  and  tabulation  of 
basic  design  information.  This  design  data 
is  generally  subject  to  continuous  adjust¬ 
ment  end  revision  as  additional  experience 
or  special  conditions  require.  In  structur¬ 
al  engineering  for  example,  we  need  data  on 
(to  name  just  a  few  items),  wind  loads,  pile 
capacities,  earth  pressures,  allowable  steel 
stresses  etc  -  data  which  to  this  day  are 
being  adjusted  and  revised  as  required  by 
ongoing  research.  This  data  almost  always 
can  be  determined  only  by  performing  labor¬ 
atory  or  field  tests  and  furthermore  varies 
in  form  or  content  depending  upon  the  appli¬ 
ed  engineering  field  considered. 

As  these  experimental  (i.e.  field)  data 
are  collected,  they  become  part  of  the  in¬ 
ventory  in  the  storehouse  of  design  data  and 
as  they  accumulate,  the  need  for  additional 
experimental  values  freque-tly  diminishes 
and  the  applications  (in  design  and/or  anal¬ 
yses)  can  generally  be  made  with  greater 
accuracy  and  confidence. 

In  this  new  UBE  theory,  the  necessary 
experimental  refinements  can  be  obtained  by 
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analyzing  experiments  currently  being  rou¬ 
tinely  performed  (i.e.  the  accelerogram  and 
the  isoseismal  map)  and/or  by  developing 
and  performing  other  relatively  simple  ex¬ 
ercises  utilizing  man-made  blasts.  In  this 
way,  the  following  terms  will  be  evaluated 
more  precisely,  thereby  permitting  greater 
and  greater  accuracy  as  the  accumulation  of 
data  continues! 

a)  The  efficiency,  n,  of  the  blast. 

b)  The  role  of  the  "geology" 

c)  The  acceleration  index  invariant 
expression  and  the  derived  rela¬ 
tions  for  pointwise  -  temporal 
variation  of  blast  energy. 

d)  The  isoseismal  index  invariant  ex¬ 
pression  and  the  derived  relations 
for  spacewise  variation  of  blast 
energy. 

e)  The  effective  length,  i 

f)  The  effective  area,  afi 

The  design  engineer,  architect,  spec¬ 
ification  or  code  writer,  damage  or  safety 
engineer  and  other  professionals  who  are 
concerned  with  rational  scientific  UBE 
analyses  can  use  the  new  theory  at  the 
present  time  based  upon  available  data  and 
reasonable  assumptions.  Because  of  the 
limited  available  amount  of  the  required 
accumulated  experimental  data  (which  is  a 
common  occurrence  in  any  newly  developed 
theoretical  application  in  applied  engin¬ 
eering)  the  amount  of  approximation  invol¬ 
ved  and  other  possible  limitations  era  un¬ 
certain.  In  order  to  increase  the  accura¬ 
cy,  the  author  recommends  further  continu¬ 
ing  study,  testing  and  refinement  of  the 
quantitative  values  for  the  uniquely  UBE 
terms  mentioned  above  in  a)  through  f). 
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(■63^  \  '  ABSTRACT 

Siting  th«  modern  oompoterited  analysis,  the 
epeoial  purpose  coriputer  program  SLOOPSAX  can  ba 
euoooaefully  applied  for  the  evaluation  of  thin 
structure  strength  Unit*  in  presence  of  extreme 
dynamic  loading  phanoaana.  This  program  oorractly 
aolvai  wave-propagationtype  of  problam*  invol¬ 
ving  abort  tranaiant  (very  rapid  loading-time  se¬ 
quence)  and  lnoluding  shock-wave  raeoonoa  froa 
impulsive  loading  (explosion  or  blast  wave)  and 
lapaot  loading  (missile  impaot).  SIAJOWAX  pro¬ 
gram  la  baaad  on  a  finita  alaaant  shall  formula¬ 
tion  ualng  the  Semiloof  alanant  and  haa  baan  de¬ 
veloped  for  tranaiant  dynamic  non-llnaar  analyses 
applying  an  affiniant  axpliolt  diraot  time  inte¬ 
gration  technique* 


-  the  geometrioal  non-linearities,  dua  to  large 
rotations,  are  trivially  iapleaanted  using  the 
oonveotive  coordinate  taohnipuai 

-ths  program  architecture  ia  much  more  simple! 
no  bandwidth  oroblema,  lasa  oonnuter  ntoraga, 
no  assemblage  nor  inversion  of  any  matrix,  ease 
of  programing! 

-  this  htratsgy  is  more  ooapetitive  for  advanced 
vector  processing,  thanks  to  a  complete  vecto¬ 
rial  formulation. 

This  technique  of  explicit  time  integration, 
in  connaotion  with  numerically  tented  mass-lum¬ 
ping  procedures,  has  bean  implemented  in  previous 
works  of  ths  author  (2,3,8),  for  the  more  complex 
isoparametric  shell  element  Semlloof  developed  by 
Irons  (6), 


3 LOOPS AX  J-D  capabilities  in  the  ftelde  of 
structural  safety  aaaeasmsnt  and  enti-aiiealla 
design  ara  illustrated  in  the  paper, 

TP  LICIT  DTUAIOC  AB  ALTS  13  USnalsnCtUCP 

I 

The  present  formulation  for  the  solution  of 
complex  shall  problem*  in  tranaiant  non-linear 
analysis  is  based  on  the  construction  of  a  very 
performing  asohanloal  modal  with  the  use  of  ad- 
vanoed  numerical  techniques.  The  explicit  solu¬ 
tion  strategy  is  preferred  to  a  modal  superposi¬ 
tion  procedure  or  an  impliolt  diraot  time  inte¬ 
gration  teohnioue  for  the  following  uesonai 

-  the  equations  of  motion  are  decoupled  thanks  to 
a  mass-lumping  process  end  are  simply  expressed 
<-  tsrme  isrtis,  damping,  internal  aad  ai- 

:aal  eotorei 

-  the  noa  i  accelerations,  velcoitiee  and  diapLa- 
oeaente  are  directly  computed  using  oentral 
diffsrenoe  formulas f 

-  the  internal  force  vector  repreeents  the  key- 
etone  of  tb-  -nthematioal  model  beoause  it  so¬ 
lely  oontnt  l  the  information  related  to 
the  etruo*  -  stiffneae  and  the  non-linear  ma¬ 
terial  behaviour  torough  the  etreee  veetori 

-  the  constitutive  equations  are  easily  implemen¬ 
ted,  in  particular  total  etrees-etrain  formula¬ 
tions  of  the  axpliolt  type.  !m  *•*•(*)• 


The  Semiloof  dynamic  model  for  steel  and 
oonorete  thin  shells  has  nodal  cssses  and  inertia 
moments  obtained  by  lumping  techniques, explained 
in  Ref.  (?),  and  oan  be  represented  as  a  system 
of  disorsts  nodal  masses  interconnected  by  oeens 
of  spring*  representing  the  Internal  foroee  end 
moments.  Any  spring  stiffness  may  var  from  high 
values  to  vsry  small  onea  when  plasticity  and  any 
other  material  disintegration  prooess  take  place 
in  the  finite  element. 

The  modelling  of  relnforoement  1*  obtained 
by  adding  layer*  of  steel  bar*  at  the  upoer  and 
lower  ehell  surfaces.  Thee#  steel  membranes  un¬ 
dergo  ths  sans  total  strains  as  eonorste  until 
ths  rsinforosment  bars  buckle  when  oonorete  lo¬ 
cally  orushei.  Oonorete  thiokneee  and  steel  re¬ 
inforcement  percentage  may  vary  fro*  an  element 
to  another  and  the  relnforoeeent  may  be  different 
*t  the  upper  and  lower  surfaoe*  within  one  ele¬ 
ment. 

Prestressing  nay  be  inoluded  Sn  the  concrete 
by  giving  an  initial  preetrain  in  the  reinforce¬ 
ment.  The  statio  (tresses  due  tc  prestretsing  or 
dead  weight  may  be  oarried  out  using  the  tran¬ 
sient  program  SLOOPSAX  in  a  kind  of  dyuamio  rala- 
xatlng  mode,  a*  illustrated  for  example  in  Ref. 

(3). 


?h«  material  non-linearitiee,  dealt  with  In 
this  paper,  include  a  elasticity  m.idsl  for  due- 
tils  eaterinln  like  stssl,  baaed  oni 

-  sxpsrlissntslly  observed  monoexial  yltid  strsss 
vs  plastic  e  rain  relationship! 

-  ths  concspts  of  Von  cists'  strsss,  Drucker's 
postulate,  .aotroplo  hardening  snd  plastio  e- 
nergy  dissipation. 

For  rsinforosd  conorsts,  ths  following  in¬ 
elastic  behaviours  are  included! 

-  cracking  of  oonersts  in  tonsils  regiiss.  Ths 
aodsl  is  baaed  on  ths  oonoept  of  tsro  tonsils 
strength,  or  small  tons*1!  strength,  hsfors 
the  appaararoe  of  ths  i  .rst  orsok.  A  strsss 
redistribution  takes  pises  whsn  s  orsok  strain 
is  defined  perpendicular  to  the  new  crack,  in 
agreement  with  Mohr’s  circle.  See  e.g-  Ref.(j)i 

-  elaito-plastlc  forsrulation  for  oonorete  in  con 
prsssion.  Based  on  ths  well-established  theory 
of  plasticity,  the  ascending  and  descending 
parts  of  ths  stress-strain  ousts  are  quits  si¬ 
mulated,  as  shown  for  example  in  Fig.  X. 
Crushing  of  oonorete  is  defined  by  the  post¬ 
peak  strain  softening  behaviour! 

-  a  new  explioit  biaxial  stress-strain  relation¬ 
ship  for  oonorete  in  compression  has  also  been 
incorporated  in  SLOOFdUf  because  it  reproduces 
cults  well  ths  inelastic  dilatanoy  of  oonorete 
near  failure  (*).  This  general  constitutive  e- 
oustton,  developed  by  Cedolin  at  al  (X),  is 
obtained  by  expressing  the  secant  bulk  and 
ahee:  moduli  cf  elasticity  as  non-linear  func¬ 
tions  of  ths  first  two  invariants  of  ths  strain 
tensor  onlyt 

-  oonoarning  the  steel  reinforcement ,  plasticity 
is  enoountered  in  tension  as  well  as  In  com¬ 
pression.  Moreover,  looal  stssl  buakling  in 
ooeprsssivs  rsgins.when  concrete  crushes,  it 
sisulated  by  deleting  the  ooapressive  contri¬ 
bution  of  the  reinforoesent  to  the  internal 
foroe  veotor- 


The  proposed  mechanical  .wadel  permits  to 
follow  very  accurately  ths  pro,-ieaeive  plastifi- 
oation  of  Steel  shells  or  ths  cracking  propaga¬ 
tion  of  concrete  thin  structures  within  each  fi¬ 
nite  element  in  ths  mid-surfaoe  and  across  ths 
thickness. 

ks  a  oonssousnes,  ths  complete  disintegra¬ 
tion  of  reinforced  oonorete  shells  Is  created  by 
oonorete  cracking,  oonersts  crushing,  stool  plao- 
tloity,  looal  at sal  buokling,  which  represent  ths 
sajor  four  fsotors  computed  directly  through  ths 
internal  foroe  vector. 

Ths  present  material  aodsls  for  conorsts  do 
not  yet  take  into  aocount  of  ths  sensitivity  of 
conorsts  to  soas  paramaters  liks  straws  history 
or  strain  rata,  teperimantal  research  into  oon- 
ovsts  behaviour  under  dynamic  load  is  urgently 
needed  in  order  to  use  ths  results  from  computer 
program  with  more  confidence. 

KPUHIOR  /  mOCTUM  IWTBUCTIOH 

The  advaaoed  oomputer  program  3UXJF31F  per¬ 
mits  to  illustrate  some  extreme  dynamic  loading 
condition  noting  on  thin  motel  structures.  A  cy¬ 
lindrical  stssl  panel  i«  submitted  to  impulsive 
loading  (initial  veloolty)  whloh  is  supplied  by 
an  explosive  sheet  in  oontaot  with  ths  mstsl. 

Fig.  2  shows  1/4  model  of  ths  panel  using  only 
80  Semilocf  elements.  High  mambrana  and  banding 
wavs  propagation  sffaota  ocour  in  ths  cylinder 
together  with  a  rapid  plasticity  extension. 
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Th*  deforaad  ihap*  -if  tha  cylindrical  n*nel 
•  hew*  hew  the  lapiileiv*  notion  lnvolvee  very  l«r 
n  dieplaoeaenta  and  rotation*.  Tba  highly  aoa- 
Unaar  raapOBaa  of  tba  oantral  def.  lotion  vereus 
Haa  la  ouita  different  fro*  tba  elaetio  llaaar 
faapona*.  Cxoellant  agreement  wltn  naa«rte»l  and 
anpariaantal  raaulta,  given  In  Ref.  (•>),  la  ob¬ 
tained, 

sorr-nsiiu  /  swicturi  tvrsiiOrtoK 

Tba  deaorlbed  numerical  technic i.  baaed  on 
aipllolt  dynaalo  analysis  ueing  a  ebell  foreeile- 
tlon  la  particularly  aultad  to  handle  hlfhly  aw 
llnaar  problaa*  of  aoft-aieeile  lapaot  oa  large 
oooorata  at  rued  urea .  Uelag  tha  Jemlloof  element, 
relative  roaraa  aaahaa  are  defined  for  tha  nu¬ 
clear  reactor  containment  building  lapaotad  by 
ar.  aircraft.  Tha  conpjtar  program  SIOCTRUI  per- 
alta  an  accurate  determination  cf  the  nartlal  da 
•eg*  of  the  local  lapaotad  area  a*  well  a*  the 
overcll  behawlour  of  the  remaining  atruoture  un¬ 
der  the  Induced  vibration*.  The  lapaot  of  *  civil 
alrornft  (Boeing  707-1201  on  tha  do**  and  tha  la¬ 
teral  Wall  of  tha  reactor  oontalnaent  haa  bean 
already  preaentad  In  a  previou*  paper  by  the  au¬ 
thor  (l). 

For  the  ooaplete  1-D  problem  of  the  reactor 
Wilding  loaded  laterellyi  the  effrote  of  incor¬ 
porating  the  dead  weight  or  e  Uttlt  tanalla 
et-angth  for  concrete  on  the  dynaalo  atruetuml 
reaponee  are  ehown  lc  Hg.  1.  The  value*  for  the 
aaxlMa  horiaontal  dlaplaceaent  obtained  in  li¬ 
near  and  nnn-llnear  analyei*  ar*  very  doe*  to 
the  reaponee  value*  publlehed  by  Reborn  at  el  (7' 
where  e  more  eoaplex  ooncrat*  aodel  and  aolid 
brick  elesianta  have  been  utlllaed.  In  Pig.  4.  tha 
deformed  ehep*  and  tha  crack  pattern  during  the 
alroraft  lapaot  ar*  illuatrated.  Concerning  the 
creek  propagation,  radial  oraok*  appear  fir»t  du¬ 
ring  loading  at  the  interior  eurfac*  around  the 
tapacted  area.  Than,  radial  and  olrcunf erential 
crack*  appear  at  the  arterior  aurfaoa  a*  wall  a* 
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through  cook*  in  th#  itrpaet  non*.  1  tangential 
crnek  apoeer  also  at  th#  cortainment  bn*#  after 
the  impact.  SUV’PSiN  analysis  l*  fulfilled  w,th 
th<  comp Into  knowledge  of  the  principal  ntreeeee 
in  every  p’nce  of  th#  structure  la  both  th*  con¬ 
crete  ar.d  the  eteel  reinforceinent.  In  this  cal¬ 
culation,  only  multi, axial  cracking  appear*  with¬ 
out  ant  concrete  crushing  nor  eteel  yielding. 

CHinn  ooLum  causm  si  inciurr  cotLisron 

The  dynamic  reeponse  of  e  tall  chimney  im¬ 
pacted  by  different  aircraft*  (military  and  ei- 
*111  is  studied  using  the  present  1-0  ehell  mo¬ 
del.  Th*  scope  of  using  the  ehell  formulation 
ie  to  examine  the  effecte  of  all  the  non-linea- 
rltlee  Incorporated  in  SlOOPSAtt  and  to  under¬ 
stand  the  dynamic  failure  modes  obtained  by  rn 
explicit  time  integration  approach.  Th#  aircraft 
loading  funotione  for  th#  military  aircraft 
(Phantom  P-4S)  and  the  elvil  alroraft  (Boeing 
707-120)  ere  defined  in  flg.5. 


Theee  highly  non-linear  analyeee  do  not  ter¬ 
minate  when  the  finite  elements  start  to  be  dis¬ 
torted,  as  shown  in  Tig.  6,  but  th*  analyst*  car. 
be  oari'ied  tn  until  the  internal  resisting  force 
yeotor  vanishes  completely  in  th*  impacted  area, 
in  oressne*  of  a  total  material  disintegration  . 
for  th#  present  structural  behaviour  simulation, 
all  the  disintegration  factor*  (  conorete  eraok- 
lng,  concrete  crushing,  steel  yielding,  local 
steel  buckling  )  hayo  been  encountered. 

Unfortunately,  no  particular  poet-orooeeeor 
was  available  to  oorreotly  visualise  the  real 
local  ohimney  collapse.  Because, with  the  use  of 
the  present  explicit  non-linear  dynamic  analysis, 
the  nodal  points  with  their  mass  and  velocity 
but  without  resisting  foreea  (  or  springs  connec¬ 
ting  all  of  the*  together),  are  moving  away  and 
down  (gravity  field)  like  In  the  reality. 


A  preliminary  linear  elastlo  analytla  far 
th*  Boeing  crush  shows  a  well-known  deflection 
mou*  with  a  maximum  horizontal  deflection  et  the 
top  |  of  )  s.  ,  es  shown  in  rig.  5. a  . 

A  couplets  dlffe'snt  deflection  shape  ie 
obtained,  in  Pig.  6.b  ,  for  tho  nom-Unear  tm- 
pact  of  th*  same  civil  aircraft.  Jh»e  to  this 
fast  transient  phenomena,  only  th#  Impacted  *- 
rea  Is  completely  damaged  with  looal  herding 
failure  oodo  at  the  top  but  without  any  lose 
of  bending  rigidity  at  ihe  ohimney  bee*.  Urge 
rotation*  end  horisonta’  dleolacements  are  ob¬ 
served  at  the  top  (H  greater  than  45  ■•) 

For  the  faster  military  airoraft  collision, 
e  nor*  eever*  disintegration  of  reinforoed  oon- 
orete  with  a  more  pronounced  shear  failure  mo¬ 
de  io  obtained,  as  shown  in  Pig.  6.o  .  The  de- 
f lection  at  th#  top  H  exceed*  the  40  m. 
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ABSTRACT 

« 

The  paper  uses  the  Mrchhoff's  equations  for 
the  T-  and  n-circuits  to  analogously  simulate  the 
bear*  vibration.  Structures  formed  by  straight 
beam  segments  can  then  be  simulated  by  electrical 
meshes  formed  by  T-  or  R-drcults.  In  the  paper 
the  analogous  circuits  are  also  developed  tor  the 
cracked  beans.  The  natural  frequencies  of  the 
circuits  thus  yields  the  natural  frequencies  of 
the  structures  with  or  without  crxk.  In  the 
inverse  application,  the  change  In  frequencies 
leads  to  the  location  and  assessment  of  the  frac¬ 
ture  denege  of  the  structure. 

The  paper  developed,  specifically  for  the 
D-circult,  a  formalization  of  establishing  the 
characteristic  matrices.  The  standardized  format 
makes  it  possible  for  adaptation  to  computer 
proqr awning.  An  estimate  of  the  algorithm  is 
included  for  comparison  of  its  advantage  in  the 
speed  of  coroputat  ion. 


1 .0  Introduction 

The  diagnosis  of  fracture  damage  in  struc¬ 
tures  may  involve  two  steps:  The  first  is  the 
detection  of  the  presence  of  damage,  and  the 
second  is  the  determination  of  the  location  and 
intensity  of  the  fracture  [1]  .  The  first  step 
requires  monitoring  of  some  variables  associated 
with  the  structure.  Use  second  is  related  to  a 
quantitative  interpretation  of  the  first.  In  this 
paper  the  variables  to  be  monitored  are  the  first 
Few  modal  frequencies  of  the  structure.  The  data 
on  changes  "if  frequencies  are  used  for  the  estima¬ 
tion  of  the  location  and  the  intensity  of  the 
fracture  damage,  The  classical  modal  shape  of 
bean  oscillation  Is  employed  to  discretized  thi 
mathematical  model,  which  is  analogous  to  the 
circuit  equations  describing  the  T-  or  n-circuits, 

Keropyan  and  Chegolin  [2]  surveyed  the  work 
done  on  electrical  analogies  for  solving  problems 
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in  statics  and  dynamics  of  elastic  structures. 
Their  approach  to  frameworks  with  sidesway  in¬ 
volves  either  an  iterative  or  a  three-step  proced¬ 
ure  in  solving  the  horizontal  displacement  of  glr- 
d:-rs  and  is  analogue-computer-oriented.  In  this 
paper,  a  modified  and  improved  approach  is  devel¬ 
oped,  that  is  readily  formalized  and  adaptable  to 
digital  programing.  When  the  method  is  applied 
to  free  vibration  of  multi-story  multi-span  frame 
structures  with  or  without  cracks,  natural  fre¬ 
quencies  of  the  analog  circuit,  hence  modal  fre¬ 
quencies  of  the  frane  with  or  without  crack,  can 
be  determined  by  exciting  the  circuit  with  a  vari¬ 
able  frequency  excitation,  and  by  establishing  the 
excitation  frequencies  at  which  response  is  maxi¬ 
mize.  Analytically  this  corresponds  to  finding 
zeros  of  a  determinant.  Multi -cell  structures  and 
structures  with  crack  will  be  illustrated  in  the 
application. 

2.0  Circuit  Analogies 

The  classical  modal  shape  y( t)  of  a  single 
section  of  a  straight  bear  is: 

yUS  *  Acoshet  *  Bsinhgt  ♦  CcosBC  ♦  Dsinflt  (1)* 

trfiere  i *  *  pw^LVEI,  p  the  lineal  density,  w  the 
modal  frequency,  L  the  bean  element  length,  (El) 
the  bean  stiffness  and  C  the  dimensionless  length 
such  that  the  two  end  points  are  ii  *0  and  ■ 
1.  The  set  of  slopes  (y\,  >i)  and  shears  (Vi,  V2) 
can  be  expressed  in  terms  of  the  set  of  resisting 
moments  (Mi,  M2)  and  deflections  (y4 ,  y,)  as  fol¬ 
lows: 
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Siznbers  in  parentheses  denote  the  equations  in 
this  paper. 
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wh ere  P  •  t!  t';i  \  S  •  (coth  d  -  COt  4)/?4,  T  • 

ItK  t  ■  csch  a)/2a,  V  •  4(coth  a  ♦  cot  |)/2,  T' 
*  f(csc  f  ♦  csrh  |)/2.  the  f  test  two  equations  in 
(?)  can  he  written  is 


n  ■  (G  ♦  G  )  y'  -  G  v’  ♦  !  | 

1  0  i  0  ?  lj 

t*  ■  6  j'  •  (G  *  t  i  •  1  ( 

2  Cl  0  2  it 


(5) 


y  ■  (Z  ♦  M  .  ZpH  ♦  tj 

•  2^;  *  (2  *  20’  *  £?l 

■he.e  Z  •  -(S  ♦  TR/EI,  Zc  •  tT/EI,  Cj  •  (T'y2  - 

S'yjl  and  E2  *  ( S  *  y  ^  -  T 1  y  i )  /l .  {quit 'ons  (?) 
Jr*  the  Mrchhoff'S  eq'iltion  for  the  active  thr< 
terminal  network  shown  in  figure  1.  In  this  elec¬ 
tromechanical  analogy,  moment  md  slope  (N,  y’ ) 
•re  milogous  to  the  electrical  current  md  vol- 
tige,  respectively.  The  coefficients.  Z  md  £, 
ere  respectively  the  impedance  md  the  potent  ill 
mure*.  The  negative  impedance  shill  pose  no  dif¬ 
ficulty  in  the  theoretical  development.  The  natu 
ril  frequencies,  herce  the  modal  frequencies  of 
the  analog  frame,  cm  be  determined  by  eiciting 
the  circuit  with  a  variable  frequency  excitation, 
and  by  establishing  the  eicitation  frequency  at 
which  response  is  maxim,*.  Kith  reference  to  fig¬ 
ure  1,  a  simple  >  anti  lever  bem  problem  can  be 
illustrated.  The  left  part  of  the  T-circuit  is 
shorted,  resulting  In  y j  •  0,  corresponding  to  the 
built-in  end.  The  potentials  E.  and  E,  are  com¬ 
puted  based  on  yi  ■  0  and  V2  *  C  the  last  equa¬ 
tion  of  (2).  At  nodal  frequency  when  a  constant 

amplitude  voltage  of  yj  is  input,  H2  diverges. 
The  analysis  becomes  one  to  compute  the  aeros  of 
the  network  impedance  function  Z22  -  y2/H2. 

Modeling  the  cracked  section  in  a  bem  shall 
follow  the  method  of  fracture  hinge  f  1  ] .  The 
crack  it  fr *1  ly  represented  by  \  torsional 

spring  of  spring  constant  « .  Slope  is  thus  dic- 
continuous  at  the  cracked  section  (ay‘  •  My'r). 
Such  discontinuity  in  the  circuit  analoqy  is  re¬ 
presented  by  a  voltage  source  of  magnitude  f^/«. 
The  two  parts  of  the  bem,  divided  by  the  cracked 
section  are  each  represented  *7  a  T-circuit  as 
Shown  in  figure  2.  The  other  continuity  condi¬ 
tions  are  satisfied. 
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where  S 
(sinh  * 

COS  e)/a,  S' 
COS  »)/«,  P 
cos  l-l. 
rewritten  as 


(cosh  a  sin  a  -  sinh  a  cos  8)/«,  T 
Sin  t)f a,  f  •  (cosh  a  sin  a  ♦  sinh 
sinh  a  sin  a/a,  T*  •  (cosh  p 
(sinh  a  ♦  Sin  B)/o,  a  •  COST 


The  first  two  equations  in  (4)  can  be 


where  6  *  (S  ♦  T)  El  #/ L,  60  *  -Tfl  a/L.  U  • 
■  y  1  -  T'y,)  El  a’/l7.  ar.d  12  •  (Vy2  -  T'y,)  El 
BVLV  Equations  (5)  are  the  ttirchhoff's  current 
equations  for  the  active  three  terminal  network 
shown  in  figure  3.  In  this  electromechanical 
analogy,  moment  md  slope  (N,  y* )  are  malomus  to 
the  electric  current  and  voltage,  respectively.  6 

«mv4  t  .’.iMAt*  tS.a  JilnlM  ir.f  A(  m\A  I  Km  r  ijw  mm* 

sources,  respectively.  The  negative  admittance 
poses  no  difficulty  In  the  theoretical  develop¬ 
ment  . 


A  single  emti lever  bem  problem  cm  be 
illustrated  with  reference  to  figures  3  and  4. 
The  left  port  of  the  B-c f »*r utt  Is  shorted,  result¬ 
ing  in  y |  *  0,  corresponding  to  the  built-4n  end. 
This  yields  the  circuit  in  figure  4.  The  current 
source  t2  Is  evpressed  in  terms  of  the  node  vol 
tage  y2,  based  on  yt  •  0  md  V2  *  0.  The  node 
equation  produces  S  •  S'Vf  '  0  which  s  the  char- 
acteristic  equation  for  the  cantilever  bem.  It 
must  be  noted  that  this  analysis  does  not  hoi?  for 
the  clmped-c Imped  bem  since  a  defined  above  is 
itself  the  characteristic  equation  for  the 
c lamped-c lamped  bem. 

Similar  to  the  T-circult  analogy,  slope  is 
discontinuous  at  the  clicked  section  (ay  » 
giving  rtse  to  two  awtre  unknown  slopes. 
Such  discontinuity  is  represented  in  the  analog 
circuit  ity  an  admittance  of  magnitude  -t.  The  two 
parts  of  the  bem,  divided  by  the  cracked  section, 
are  each  represented  by  a  n-ctreuit  as  shown  in 
figure  4,  The  other  continuity  conditions  are 
satisfied. 

3 . 0  6enenl  Two-Dimensional  Frame  Structure 

In  a  generic  model  of  a  two-dimensional 
multi-storied  frame,  for  vrfilch  there  are  n-stories 
and  m-spans  (thus  m  ♦  1  anchors),  the  analogous 
circuit  network  contains  n(2m  ♦  1)  Interconnecting 
T-circuits.  If  there  Is  a  crack  on  my  girder  or 
any  coliaan,  the  number  of  T-circuttS  will  grease 
by  one.  The  magnitude  of  computation  for  modal 
frequencies  involves  principally  the  inversion  of 
two  matrices  of  orders  (3nm  -  n  ♦  1)  and  (n) 
respectively. 

In  representing  beam-frame  structures,  n- 
clrcults  corresponding  to  individual  column  and 
girders  Joining  at  right  angles  arc  interconnected 
such  that  boundary  conditions  at  the  analog-frame 
joints  are  observed.  Mrchhoff's  current  law  is 
written  in  terms  of  the  node  voltages  which  cor¬ 
respond  to  the  angles  of  rotation  at  the  frme 
joints.  Under  free  vibration  the  coefficient 
matrix  oust  be  singular,  and  yeros  of  its  deter¬ 
minant  yield  modal  frequencies  of  the  frame  struc¬ 
ture.  Order  o*  the  matrix  H  equal  to  the  nunber 
of  frme  Joints.  For  each  crack  introduced  in  one 
of  the  bem  elements,  order  increases  by  two. 
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Order  of  the  matrix  involved  for  an  n-story, 
m-span  frame  is  thus  n(m  +  1);  n(m  +  1)  ♦  2  If 
there  is  a  crack  on  any  girder  or  colunn.  The 
no;'e  eqiation  can  be  established  as  (J[  -  £ 
£l  k)  £  5  0  whe'e  t  is  n  by  n(m  *  1),  and  .Z  is 
of  order  n  (n  ♦  1  ly~n(m  +  1)  +  2,  and  of  order  n 
+  1  respectively  in  the  presence  of  a  crack).  The 
coefficiett  matrix  (ti  -  X^  1  jl)  is  symme¬ 
tric.  ft  step-by-step  "schematic  "procedure  will  now 
be  described  to  compute  the  entries  of  the  indivi¬ 
dual  matrices  without  drawing  any  equivalent  cir¬ 
cuit.  Reference  will  be  made  to  Figure  6  which 
illustrates  a  two-dimensional  frame  with  and  with¬ 
out  crack.  For  simplicity  m  =  1,  n  *  2,  and  uni- 
far,  .i  properties  are  assumed.  With  reference  to 
Figure  6,  eacn  beam  element  is  identified  by  a 
nunber.  The  nunbering  order  begins  at  the  left 
lowest  column,  proceeds  up  through  the  columns  on 
the  same  line  in  n  stories,  returns  back  tc  the 
second  anchor,  proceeds  up  vertically,  and  in  that 
order.  Once  the  columns  are  finished,  girders  on 
each  floor  are  numbered  progressively  from  left  to 
right  starting  with  the  first  floor  and  continuing 
on  with  the  upper  floors.  Quantities  related  to  a 
beam  element  such  as  C,  T,  S’,  etc.  are  sub¬ 
scripted  by  the  number  of  the  element.  The  node 
is  nimbered  by  the  colunn  under  the  node.  If 
there  is  a  crack  on  ?.  column  (girder),  the  origi¬ 
nal  nunber  of  the  element  refers  to  the  upper, 
(right)  side  of  the  column  (girder)  which  Is  now 
represented  by  two  beam  elements.  The  lower 
(left)  side  is  nunbered  following  the  largest  num¬ 
ber  in  the  scheme.  Due  to  discontinuity  of  slope 
at  a  crack,  two  new  nodes  are  created  on  each  side 
of  the  crack.  In  Figure  6b,  cracks  are  repre¬ 
sented  by  conductances  -1/B8k,  where  6^  =  El/Uk 
Is  the  sensitivity  parameter  [1]  based  on  charac¬ 
teristic  length  L.  The  follow.!*)  steps  will  be 
presented  in  two  parts: 

3.1  Frame  Without  Crank  (Figure  6a) 

As  a  guidance  y1  and  y  vectors  are  arranged 

«  ll  =  {*1  Vi  Ya  jMt,  y  *  jyi  y2}T  *ere 

and  ,v2  are  the  horizontal  displacements  of  nodes  1 
and  3,  and  2  and  4,  respectively. 

1)  To  establish  JJ: 

a)  diagonal  entries  uyj  corresponding 
to  y  y  will  be  the  sum  of  S  values  of  the  ele¬ 
ments  adjoining  at  the  node  i._ 

b)  off-diaqonal  entries  ujj  will  be 

If  ith  and  jth  nodes  are  adjacent  and  kth  beam 
element  links  them.  Otherwise,  ujj  *  0.  Due 
to  symmetry,  uyj  *  ujj. 

2)  To  establish  l : 

«• 

a)  diagonal  entries  ziy  will  be  the 
sun  of  valuer  or  all  the  girder  elements  in 
the  1th  floor  plus  the  sun  of  P  values  of  aii  the 
columns  adjoining  at  the  ith  floor,  where  Bk  can 
be  expressed  in  terms  of  e  of  the  reference  ele¬ 
ment  as,  Bk  * 


b)  cff-diagonal  entries  2 y ,  ^  j  will  be 
negative  of  the  sun  of  P‘  values  of  all  the  col¬ 
umns  joining  ith  and  i+lst  floors.  zyj  1  0  for 
j  >  i  ♦  2  and  Z(j  *  Zj  j .  2_  is  hence  a  tri¬ 

diagonal  symmetric  matrix. 

3)  To  establish  t: 

X  is  partitioned  into  m  +  1  square  subma¬ 
trices  of'order  n  each.  Namely, 

x  *  [x1ix2i...ixm+h. 

a)  diagonal  entries  x^  *  Sn(k-i)+i  * 

Sn(k-l)tl+i’  1  *  »— •"  '  1  4nd  *nn  *  Snk'  Refer* 
ring  to  Figure  6a,  xkf  for  the  kth  “wall",  wall 

denoting  the  union  of  all  the  columns  on  the  seme 
Mne,  is  equal  to  S'  value  of  the  colunn  under  the 
node  n(k  -  1)  ♦  i  mirus  S'  value  of  the  colunn 
above  the  same  node. 


b)  off-diagonal  entries  x 


(,  i+1 


for 


-T('.  i)n+1+l  fjr  1  a  *•* . n  *  l-  xij  a  0 

j  2  and  xkj  =>  -x*j.  for  i  *  j.  Jtk  are  thus  tri- 

I* 

diagonal  matrices.  Referring  to  Figure  6a,  x^ 

is  equal  to  the  negative  of  the  T1  value  for  the 
column  above  node  n(k  -  1)  +  i. 

X*  Z*1  X  is  thus  in  the  form 


xT  Z'1  X  = 


~11 

. 

■Hi  2 

« 

* 

• 

• 

• 

• 

•JT 

~1  ,m+l 

• 

(6) 


where  =  (j^)7  Z~*  *»  are  symmetric  matrices  of 


41j 


order  n. 


Based  on  the  above  procedure,  the  following 
matrices  are  obtained  for  the  frane  in  Figure  6a;. 


si  ♦  s2  +  h 


S2  +  S6 


T. 

b 


S3  +  S4  *  S5 


S4  *  S6 


(7) 
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*5  f  P1  +  P2  *  P?  *  P4 


(8) 


S,  -  m4 


0 


0 


n 


-  p;  .  pi 


*p'  -  p; 
t  4 


*6  *  P2  4  P4 


X  « 


Si  -S2 


L  T2 


-Ti 


S'  -  5' 

*3  *4 


-T1 


(9) 


°2  |  *4 

3.2  Frame  With  Cracks  ( F Igure  6h) 

y'  and  ^  vectors  are  now  given 

y'a  yl  y'7  7?  y«  7a }T.  y  *  !>i  y2  y?  y«)T  uhfe  y7 
and  y#  are  the  deflections  at  the  two  cracks. 
Node  equations  corresponding  to  nodes  which  are 
not  adjacent  to  a  cracked  elem 
sane  relative  to  the  presloi 
matrices  will  be  of  the  form 
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where  barred  matrices  are  modified  forms  of  Equa¬ 
tions  (7)-(9).  1th  row  In  j£  Is  unchanged  relative 
to  jl  if  the  Ithe  node  1$  not  adjacent  to  a  cracked 

element.  1th  row  In  Z  remains  the  same  if  there 
Is  no  crack  on  any  coiimn  adjoining  with  the  vth 

floor.  is  the  same  as  Xk  If  there  Is  no  rack 
on  the  kth  wall.  Fy  ■  Olf  there  is  no  crack  on 
the  kth  wall  and  on  any  of  the  girders  adjacent  to 
the  kth  wall. 

Following  the  procedure  in  Part  3.1,  the 
submatrices  for  the  frame  in  Figure  6b  are 
obtained  as 
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The  frequency  analysis  applied  to  a  two-story 
single-span  frame  with  six  equal  length  elements 
and  with  data  of  relative  changes  of  0.010  and 
0.015  in  the  first  two  frequencies  respectively 
yields,  under  the  assumption  of  presence  of  single 
crack,  four  possible  damage  pairs:  (eJt  e7)  * 
(0.108,  0.906),  (e2,  e7)  •  (0.182,  0.816),  and  due 
to  symmetry,  (»j,  e7)  ■  (0.108,  0.906),  (•*,  e7)  • 
(0.182,  0.8l6),  where  e7  indicates  relative  crack 
location  measured  from  the  lower  end  of  each  col- 
unn.  The  crack  Is  thus  on  ore  of  the  coltmns.  In 
order  to  determlre  the  actual  damage  pair  withtn 
symmetry,  relative  change  In’ the  third  frequency 
is  required,  (ii,  e7)  and  (»2,  e7)  would  produce 
relative  changes  of  0.0074  and  0.0155  respectively 
in  the  third  natural  frequency.  It  may  be  argued 
that  If  the  relative  change  In  the  third  frequency 
could  not  be  measured,  then  it  must  be  small  and 
thus  (•,  e7)  or  (a,  e7)  is  the  likely  damage  pair. 


4.0  Conclusions 


Use  of  circuit  analogy  in  computing  model 
frequencies  of  a  two-dimensional  multi-story  frame 
with  or  without  cracks  on  It  has  been  developed 
into  a  formalized  method.  The  method  enables  the 
study  of  effect  of  cracks  on  modal  freouencles  of 
frame  structures,  as  well  as  determination  of  the 
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location  and  intensity  of  a  crack,  given  suffi¬ 
cient  number  of  modal  frequency  changes.  Comput;.- 
tion  of  modal  frequencies  of  an  n-story  ro-spin 
frame  with  k  cracks  on  it  requires  finding  zerjs 
of  a  determinant  of  order  n(m  ♦  1)  ♦  2k.  In  the 
finite  element  method,  using  generally  required 
twenty  elements  per  basic  beam  segment,  there  are 
40  n(m  ♦  1)  nodes  each  with  two  degrees  of  free¬ 
dom.  The  size  of  computation  savings  is  almost 
40-fold.  However,  using  circuit  analogy  in  deter¬ 
mining  the  location  and  intensity  of  a  crack  may 
involve  n(2m  ♦  1)  computations  of  zeros  of  a 
determinant  of  order  n(m  +  1)  +2. 

References 


1.  Ou,  F.  0.,  Akgun,  M. .  Paez,  T.  1.,  Wong, 

T.  E.,  "Modal  Method  in  Oiagnosis  of  Fracture 
Damage  in  Simple  Structures/  ASME  103rd 
Winter  Annual  Meeting,  November  14-19,  1982, 
Pnoenix,  Arizona,  Practical  Applications  of 
Mechanical  Vibration,  ASME  publication. 
November  W82. - 

2.  Keropyan,  K.  K.  and  Chegolin,  P.  H. .  Electri- 

cal  Analogies  in  Structural  Engineering, 
Edward  Arnold,  Ltd . ,  1967 .  3  1 


Figure  1 ,  T-Ci  rcuit. 


Figure  3.  n-Circuit. 


Figure  4.  Analog  circuit  for  a  cantilever  beam. 
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Figure  5.  Fracture  circuit. 


Figure  6a.  Two-story,  single-span  frame 
without  crack. 


Figure  6b.  Two-story,  single-span  frame 
with  *wo  cracks. 
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ABSTRACT 

The  reaponae  of  a  simply  supported  besa  to  uni- 
forai  blaat  loading  is  dtterained  by  using  the 
normal-mode  technique.  Especially  for  short  load 
duration!  the  higher  Modes  become  iaportant.  The 
rotary  inertia  and  shear  force  detonation  have 
to  be  taken  into  account.  At  short  load  durations 
high  peaks  of  shear  force  appear  near  the  supports 
ismediately  after  loading; 


1.  INTRODUCTION 

In  literature  such  at  TM  5-1300  [l]  and  Biggs 
[2j  the  starting  points  for  the  design  of  explo¬ 
sion  resistant  constructions  are  the  static 
shapes  of  deflections  of  the  construction  pairs 
and  the  static  force  distribution. 

For  the  dynamics  usually  e  dynamic  load  factor 
is  introduced.  Experiments  show  clearly,  how¬ 
ever,  that  dynamics  it  more  than  just  statics 
auiltiplied  by  a  DLF.  Plates  that  are  aiaply  sup¬ 
ported  at  two  opposite  edges  and  would  collapse 
in  the  niddle  in  the  event  of  static  loading, 
appear  to  collapse  close  to  the  supports  some- 
tines  when  exposed  to  a  uniformly  distributed 
explosion  load. 

Apparently  not  only  the  amplitude ,  but  also  the 
shape  of  the  deflection,  shear  force,  and  bending 
aoaent  diagram  are  influenced  by  the  loading 
rate  and  the  duration  cf  the  load. 

To  get  more  fundamental  insight  in  the  dyna^ce 
of  explosion  loaded  plates  a  theoretical  study 
has  been  performed  of  the  behaviour  of  an  ideal¬ 
ized  siaply  supported  elastic  bsaa. 

The  beaa  will  be  subjected  to  an  uniformly  distri¬ 
buted  blast  load,  i.e.,  the  time  variation  in  the 
load  is  the  same  at  any  point  x. 

The  blast  load  is  Simplified  by  a  peak  triangular 
pulse  of  variable  duration. 

2.  BERHOULLt-EULER  BEAN 

It  is  obvious  to  start  with  e  simple  prismatic 
flexural  beaa  that  bat  uniform  density  p  and  has 
constant  stiffness  tl.  The  governing  equation  of 
motion  during  elastic  response  is  the  following 
veil-known  equation  [3  : 

EIU’"’(x,t)  ♦  rA  iiix.t)  -  q(x,t)  <|) 

This  equation  ttO.es  into  account  transverse  in¬ 
ertia  and  bending  deformation.  To  solve  this 
equation  we  use  .he  normal -mode  technique  [3] . 


Express  the  transverse  motion  W(x,t)  at  the  product 
of  a  tiae  function  C(t)  and  a  displacement  function 
F(x).  For  free  transverse  vibration  (i.e., 
q(x,t)  ■  0)  each  displacement  function  F(x)  des¬ 
cribing  one  of  the  normal  modes  of  the  beau  gives 
a  solution  if  G(t)  is  chosen  at  a  periodic  function 
with  a  period  that  corresponds  to  the  mode  under 
consideration. 

Thus  F  (x)  •  sin  215  and  C  (t)  •  A  Sinu  t  ♦ 
n  1  n  no 

♦  B  Cosu  t  n  »  I ,2,3,. .. 

I*  n 

with  »  n1**1*  which  gives  for  U(x,t): 

W(x,t)  -  f  Sin  2J5  (ASinut*  BCos«  t)  (2) 
n*  l  X  n  n  n  n 

A  particular  solution  of  aq.  (I)  can  be  found  by 
splitting  up  the  load  function  q(x,t)  in  function 
corresponding  to  the  normal  modes  as  wall: 

«<*•*>  -*ti  «>«<«•*>  •  J, Sin  *r  m  0) 

The  complete  solution  of  eq.(l)  can  be  found  by 
combining  the  calculated  responses  for  every 
(x,t) . 

a  constants  A„  and  B„  ere  established  from  the 
initial  conditions.  Wien  the  displacement  U(x,t) 
is  known  the  bending  moment  M(x,t)  and  shear  force 
D(x,t)  can  be  calculated  by  the  following  equations 

M(x,t)  -  -  Ei  W"(x,t)  and  D(x,t)  •  N'(x,t)  (4) 

Calculations  have  been  made  for  several  response 
durations  [4] .  Interesting  responses  are  found  for 
the  extreme  vclues  of  the  triangular  load,  namely 
the  step  load  and  the  impulse  load. 

Results  of  the  step  load  are  as  follows: 

As  for  the  deflection,  the  bending  moawnt  and  the 
shear  forces,  the  maximum  values "are  dominated  by 
the  1st  mode  response.  Ixmediately  after  loading  the 
influence  of  the  higher  normal  modes  are  percept¬ 
ible,  but  the  corresponding  response  values  are  small 
kesults  of  the  impulse  load  are  as  follows: 

The  deflections  can  be  calculated  and  have  the 
shapes  as  illustrated  in  Fig.  3.  The  banding  sunent 
calculations  yield  quite  whimsical  results,  which 
cannot  be  clarified.  The  influence  of  the  higher 
modes  ~is  very  apparent. 

For  the  impulse  load  it  appears  not  to  be  possible 
to  calculate  the  shear  force.  The  series  for  the 
shear  force  does  not  converge. 
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As  a  result  of  the  calcu'ations  it  can  be  said  that  phase.  This  results  in  a  more  longitudinal  type  of 

for  long  load  duration  the  first  normal  mode  domi-  motion  in  the  beam  response, 

nates  the  beam  response  i.e.,  for  response  calcu¬ 
lations  methods  as  given  in  [l]  and[2]  are  useful. 

For  very  short  load  durations  deflections  can  be 
calculated,  but  the  calculation  of  bending  moments 
yields  doubtful  results.  High  natural  modes  have 
to  be  taken  into  account,  which  mean  that  the  in¬ 
fluence  of  rotary  inertion  and  shearing  deformation 
cannot  be  neglected, 

To  enable  the  calculation  of  the  beam  response  for 
short  load  duration  a  more  complicated  equation 
of  motion  is  needed. 

3.  T1HOSHENKO  BEAM 

An  equation  of  motion  that  takes  into  account  the 
influence  of  rotary  inertia  and  shearing  deform¬ 
ation  is  given  by  Timoshenko  [3].  Fig.  I  shows  a 
free  body  diagram  of  a  beam  element. 


T-oACdx  (Sa) 

R-olfdx 

D-kAG(W'-t)  (5b) 

M--EIT’ 


Fig.  I.  Free  body  diagram  of  beam  element 


The  equations  of  motion  are  derived  from  the  equi¬ 
librium  equations  for  forces  and  moments  which 
after  filling  in  the  relation  (5a)  and  (5b)  result 
in 


EIV""tpA«-pI  ( I  *  £-)»"+  V  ■ 


and  2 

eit""  ♦  pa»-  pin*  ♦  fag  r  -  q' 


(6a) 

(6b) 


Parameters  W,  T,  D  and  H  are  functions  of  z  and  t. 
To  establish  tf(x,t),  D(x,t)  and  M(x,t)  we  have  to 
solve  eq.  (6a)  and  (6b).  And  here  again  the  normal¬ 
mode  technique  described  before  is  used.  The  deter¬ 
mination  of  the  frequencies  of  the  normal  modes 
produce  two  seta  of  natural  frequencies'  (aee Fig. 2). 
Thia  means  that  for  each  value  of  n  there  are  two 
different  frequencies.  Analysis  of  the  nature  of- 
the  types  of  motions  corresponding  to  these  two 
sets  of  frequencies  show  [4]  : 

The  lower  frequencies  in  the  first  set  describe 
meinly  the  bending  pert  in  the  response  and  the 
higher  frequencies  in  this  set  describe  mainly  the 
ahear  part  in  the  responac.  Generally  speaking  thia 
aet  of  frequenciea  deacribes  the  trenaverae  motion 
of  the  response. 

The  second  set  of  frequencies  originates  from  the 
coupling  term  for  rotary  inertia  end  sheer  force 
deformations  in  the  equation  of  motion.  The  combi¬ 
nation  of  thia  aet  to  the  raaponse  is  equal  for 
bending  and  lhear  but  the  corresponding  displace¬ 
ments  for  shear  and  bending  are  always  opposite  in 


Fig.  2.  Natural  frequencies  as  function 
0  f  n  [4] . 

From  Fig.  2  it  it  teen  that  for  the  Timoshenko  beam 
the  frequencies  of  the  higher  modes  are  proportio¬ 
nal  to  n,  the  number  of  the  mode,  instead  of  n2  in 
case  of  a  Bernoul li-Euler  beam.  This  means  a  better 
chance  for  determining  the  impulse  response, including 
shear  force,  because  the  series  will  converge  better. 
Response  calculations  [4]  for  the  impulse  load 
yield  the  deflection,  bending  moment  and  shear 
force  diagrams  shown  in  Fig. 3. 

The  parameter  values  used  in  the  computation  are: 

E  •  30. 109.  p  *  2400,  v  -  0,2,  K  -  0,845,  A  -  20. 

n  | 

The  deflection  ia  given  for  time  steps  it  “  jgj  Tj 
where  T|  is  the  duration  of  the  first  mode. 

The  banding  moments  and  shear  forces  are  given  for 
t  -  I,6.I0-5  T|,  0,0006  T | ,  0,005  T|  and  0,0135  T, 
respectively. 

Utter  n  denotes  the  number  of  natural  frequencies 
that  are  taken  into  account.  As  unit  for  the  scsle 
is  chosen  the  maximum  value  of  deflection,  moment 
and  shear  force  respectively  when  only  the  first 
mode  is  taken  into  account. 

Worth  noting  in  Fig.  4  are  in  the  first  place  the 
high  shear  fore*  peak*  at  the  supports  imaediately 
after  loading  and  secondly  the  disturbances  in 
shear  force  and  moments  that  run  from  the  supports 
to  the  middle  of  the  beam.  The  velocity  at  which 
these  peaks  travel  i*  about  2075  at*1  [4],  which 
equals  the  Rayleigh  wave  velocity  calculated  from 

-  *  )  ■  I4v  ♦  0,862  j  G  r5-i 

with  G  •  I, 25. 1010 
v  -  0,2 
p  -  2400 

This  is  a  very  promising  result  beesuse  a  velocity 
of  the  order  of  the  transverse  wave  velocity  it 
expected. 
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DEFLECTION  n  •  41 


BENDING  MOMENT  n  •  251 


SHEAR  FORCE  n  «  2 SO  I 


Fig.  2.  Deflection,  bending  moeient,  shear 
force  diagraai 

4.  MSCOSSIOH  OF  THE  RESULTS 

Question*  that  renein  are:  what  is  the  influence 
of  the  daaping  on  the  results,  and  how  close  is 
this  approximation  to  reality. 

Daaping:  Especially  for  the  shear  force  calcula¬ 
tions  which  need  a  high  nuaber  of  natural  frequen¬ 
cies  [4]  daaping  aay  be  an  important  factor.  The 
iaportant  peak  values  at  the  supports,  however, 
appear  immediately  after  loading  so  that  daaping 
.does  not  have  any  influence  here  yet.  In  the  Biddle 
of  the  beea  the  peak  values  aay  be  a  bit  lower  at 
a  result  of  the  reduced  influence  of  the  higher 
aodes  (Material  dating  in  concrete  -  0,01  for  all 
frequenciea  [(]). 

Validation  of  the  theories:  The  validity  of  the 
theories  are  judged  on  the  baaia  of  an  exaaple. 
Suppose  a  seal-infinite  elastic  beam  having  e  cir¬ 
cular  cross-section  with  radius  a.  For  the  wave 
velocity  e  of  a  haraonic  disturbance  placed  at  the 
beginning  of  the  bean  an  exact  solution  for  v«0,29 
is  available  (known  as  the  theory  of  PochhaaBtr  and 
Chreo  [7]).  The  wave  velocity  is  also  established 
with  both  the  ternoulli-luler  and  Timoshenko 
theory. 


The  wave  velocity  appears  to  be  dependent  on  the 
frequency  of  the  disturbance.  The  Bernoulli-Euler 
theory  yields  one  dispersion  relation,  TiswiBhsnko 
two,  one  for  each  frequency  set,  and  Pochhamaer- 
Chrec  give  an  Infinite  nuaber  of  dispersion  rela¬ 
tions  . 

The  results  are  presented  in  Fig.  4.  It  shows  the 
dispersion  relations  of  Bernoulli-Euler  and  Timo¬ 
shenko  and  three  of  the  Fochhaaaer-Chree  relations 


Fig.  4.  Vave  velocity  at  function  of  wave  length 

Froa  Fig.  4  we  learn  the  following: 

a.  For  increasing  frequsncy  values  the  B-E  wave 
velocity  reaches  infinity.  This  aeans  that  high 
frequency  disturbances  are  transaitted  instant- 
iousi/.  Only  very  low  frequenciea  coincide  with 
the  first  F-C  curve. 

b.  The  first  P-C  snd  tirst  T  wave  velocity  curves 
coincide  and  have  as  asyaptote  the  Rayleigh 
wavs  velocity  [4] . 

c.  The  second  T-curve  envelopes  the  other  P-C 
curve*  and  has  aa  asymptote  the  longitudinal 
wave  velocity  C0  (velocity  of  sound). 

It  can  be  concluded  fron  this  exercise  that: 

1.  BE-thsory  gives  proper  solutions  for  dynaauc 
loads  that  are  governed  by  low  frequency  compo¬ 
nents. 

2.  T-theory  can  be  applied  in  *!!  ..ases.  The  meas¬ 
ure  in  which  this  theory  is  exact  is  .deterained 
by  the  contribution  of  the  second  frequency  set 
to  the  solution. 

Calculations  with  the  Timoshenko- theory  applied  to 
staple  beams  show  that  the  response  is  aainly  de¬ 
termined  by  the  first  frequency  set.  The  influence 
of  the  second  frequency  set  is  strongest  in  the 
determination  of  the  shear  force.  The  difference 
in  aaxiakB  shear  force  values  calculated  with  or 
without  the  second  frequency  set,  however,  is  less 
than  4  percent 
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5.  CONCLUSIONS 

a.  For  load  durationa  tj  >  tf  the  first  mode  is 
governing  the  response. -Method*  for  responds 
calculations  as  given  in  [ij  and  [2]  can  be  us'd. 

b.  For  load  duration  tj  <  T(  highar  nodes  have  to 
be  taken  into  account. 

c.  For  very  short  load  durations  tj  <<  T|  very  high 
nodes  become  iaportsnt  in  the  beam  response. 
Rotary  inertia  and  shearing  detonation  have  to 
be  taken  into  account. 

d.  For  short  load  duration  peaks  in  shear  force 
appear  near  the  supports.  These  peak*  are  a 
qualitative  explanation  of  the  deviating  fail 
behaviour  Mentioned  in  the  introduction. 

To  be  able  to  design  for  these  high  shear  force 
peaks  it  is  necessary  to  know  the  Mterinl  be¬ 
haviour  under  ex treat  deformation  rates. 

e.  Thanks  to  the  aid  of  the  computer  the  analytic¬ 
al  solution  derived  earlier  leads  readily  to 
surprising  results,  which  with  the  finite  ele¬ 
ment  methods  which  are  frequently  applied  at 
present  cannot  or  can  hardly  be  determined. 
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TABLE  l.  CRITICAL  HID- HEIGHT  LATERAL  DEFLECTIONS 


Sriii  paper  reporta  an  efftctlveneas  evaluation 
of  the  uac  of  lndlreit-flre  munitions  against  siael- 
and  reinforced  concrete-fraaed  atructurea  tn  an 
urban  envlronaant.  Effecta  Include  collapaa  of 
coluana  due  to  lateral  blaat  loada,  cruahlnt  of 
coluana  by  vertical  blaat  loa<*a,  response  of  Inter¬ 
ior  and  exterior  valla  to  blaat  and  fragment  a, 
reaponae  of  peraonnel  to  blaat  overpreaeurea  and 
vail  debrla,  and  the  fonaatlon  and  location  of 
rubble  caueed  by  the  detenationi  of  theae  munitions^ 

"TYPICAL"  STRUCTURES 

TVo  "typical"  office/hotel  atructurea,  each 
200  ft  by  200  ft  In  plan  and  ten  atorlea  tall ,  were 
designed  using  reinforced  concrete  or  ateel  atruc- 
tural  fraaea,  Coluana  were  apaced  at  20-ft  centera 
In  each  direction  vltk  a  floor-to-floor  height  of 
12  feet,  and  the  dealgni  were  governed  by  Referencea 
1  «.l  2  for  the  concrete  and  ateel  atructurea, 
reepcctlvely.  Chile  the  requires  coliaan  aectlona 
vary  through  the  height  of  the  atructure,  the  flrat- 
floor  neabera  are  conaldered  typlcel  of  all  atorlea 
for  feu  of  preaentatlon.  Por  the  ateel  atructure, 
the  corner,  eiterlor  vail  and  Interior  coluana 
art  U8x67,  U12xl0S  and  H14k211  aectlona,  rcapectlve- 
ly.  The  concrete  corner  coluan  la  12  In.  aquare 
vlth  5. OB  aq.  In.  of  ateel  relnforceaent,  the 
exterior  coliana  are  lb  In.  aquare  vlth  10.2  aq. 
in.  of  ateel,  and  the  Interior  coluano  are  22  In. 
aquare  vlth  IS. 2  aq.  In.  of  ateel. 

COLUW  RESPONSE  TO  LATERAL  LOADS 


An  exploalon  between  building  floors  will 
produce  a  lateral  load  and  deflection  on  the  col¬ 
uana  between  thoee  floora.  If  the  permanent  deform¬ 
ation  of  the  coluan.  A,  la  great  enough,  the  dead 
and  live  structural  loads,  P,  will  causa  eollapse 
of  the  eoliam  because  of  lta  Inability  to  resist 
the  now-combined  axial  load  and  moment  produced  by 
the  deflection.  The  critical,  aid-height  deflec¬ 
tion  of  the  ateel  aectlona  vaa  calculated  froa 
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A  "  — =- — ^ 
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where  the  moment  capacity,  N_,  vaa  determined  for 
the  weaker  axle.  The  reinforced  concrete  coluana 
ware  analysed  using  conventional  Interaction  dia- 
greas.  Theae  critical  deflections  are  auauriied 
In  Table  1. 


Coltaai 

Location 

Deflection  (inches)  1 

Steel  Colunt 

Concrete  Coluan 

Corner 

5.4 

6.9 

Exterior 

5.8 

10.7 

Interior 

7.7 

12.6 

The  response  of  any  of  these  coluana  to  a 
lateral,  time-varying  load  la  dependent  upon  both 
the  peak  pressure  or  force  and  on  its  duration 
(lapulae).  Isodamage  curve*  (relating  the  peek 
prtasurt  and  iapulue  required  to  provide  the  criti¬ 
cal  deflection*  of  Table  1)  were  generated  for  a 
point  load  at  ald-helght  of  each  of  the  etx  coluan 
types.  Since  a  bleat  does  not  produce  a  true  point 
load,  the  preaaurea  ware  assumed  to  act  over  an 
area  equal  to  the  exposed  width  of  the  coluan 
squared.  These  curves  ara  displayed  In  Figure  1. 

A  pressure/ Iapulue  pair  falling  above  and  to  the 
right  of  a  curve  will  produce  a  ald-helght  deflec¬ 
tion  greater  than  that  specified  In  Table  1,  while 
a  pair  below  end  to  the  left  will  produce  a  smaller 
deflection.  The  curves  for  the  eteel  coluna  re¬ 
flect  bending  about  the  weaker  axis  of  the  section. 

All  of  the  munitions  selected  for  evaluation 
(the  105  an  HE  Ml,  the  155  aa  HE  M107,  the  8-ln. 

HE  Ml 06  and  th*  4.2  In.  aortar  HE  M329A1)  are 
captble  of  producing  the  required  nlnlaua  Impulses 
shown  in  Figure  1,  but  the  required  stand-off  dis¬ 
tance  froa  tbe  loaded  surface  of  the  coltm  la  at 
aoac  elx  Inches.  A  blast  thla  close  to  the  coluan 
requires  soaw  aaans  to  assure  detonation  of  the 
shall  at  that  location,  but  no  auch  aschanlsa 
exiata.  A  direct  hit  la  then  the  only  way  to 
daatroy  a  coluan.  The  likelihood  or  probability 
-  of  achieving  e  direct  hit  on  the  selected  coliana  - 
by  any 'of  th*  aunltlona  above  it,  at  best,  a  func¬ 
tion  of  the  probable  errors  (a  round- to-round 
variation  for  e  fixed  ala  point)  In  both  range  and 
deflection.  References  3  through  6  provide  the a* 
data  for  a  choatn  rang*  of  fir*  of  5000  as cars. 

Th*  nuabar  of  rounds  raqulrad  to  achlavs  a  0.95 
probability  of  hit  oa  a  tingle  coluan  wee  calculat¬ 
ed  end  result*  are  presented  In  Table  2.  It  auet 
be  pointed  out  that  thas*  results  assume  that  there 
ere  no  aearby  building*  which  would  Interfere  with 
In.oalng  rounds  and  that  tbe  walla  and  upper  floors 
of  the  structure  under  attack  do  not  shield  th* 
Interior  coliana.  He  also  assume  that  non*  of  the 
projectile*  ere  dude.  Hone  of  these  conditions 
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would  exist  in  •  teal  structure  and  with  real  pro¬ 
jectiles;  therefore,  the  nueber  of  shells  required 
would  he  auch  higher  than  those  shown  in 'Table  2. 

COLUMN  RESPONSE  TO  VERTICAL  LOADS 

An  artillery  round  detonating  between  floor*  of 
a  f rased  structure  will  produce  vertical  loads  on 
the  coluans  supporting  the  floor  slab  and  beaaa  near 
the  detonation  point.  These  vertical  loads  art  the 
result  of  the  reflected  pressure  froo  the  shell  and 
of  the  quasi-static  pressure  buildup  in  the  rooa  in 
which  the  explosion  occurs.  Venting  through  window* 
is  treated.  This  quasi-static  pressure  is  a  strong 
function  of  tha  volume  into  which  the  explosion  pro¬ 
ducts  expand,  and  this  volists  is  determined  by  the 
strength  of  the  iutemal  walls  (weaker  walls  will 
be  destroyed  by  the  initial  blast  and  will  causs  a 


lower  qua  i-static  pressure  a*  the  gases  expand  in¬ 
to  adjacent  rooaa) .  While  the  columns  lmsedlately 
under  the  detonation  will  likely  crush,  the  colwms 
which  support  -thee  are  protected  sosswhat  in  that 
the  saxlaus  load  which  they  sust  resist  is  United 
to  the  carrying  capacity  of  coluans  above  thsa.  Ex¬ 
tensive  structural  collapse  froa  an  Internal  detona¬ 
tion  la  thus  possible  but  will  not  be  discussed  fur¬ 
ther  because  of  the  many  unknowns  which  affect  the 
pressure  loadings. 

RESPONSE  07  INTERIOR  AND  EXTERIOR  WALLS 
TO  BLAST  AND  FRAGMENTS 

Exterior  walls  of  framed  structures  serv*  pri¬ 
marily  as  an  environmental  shield  and  ere  not  part 
of  the  load-carrying  systoa  of  the  building.  They 
range  in  thickness  from  a  heavy  brlck-and-block  cow- 
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blnation  to  relatively  light  panels  of  glass,  aetal 
or  other  aster  lei.  Interior  walls  range  f  row  nomi¬ 
nal  dry-wall  construction  to  4  In.  hollow  tile  and 
plaster,  deference  7  has  given  an  average  rooa 
sire  for  these  structures  of  1)  ft  by  20  ft.  If 
one  of  the  previously  listed  rounds  detonates  In 
the  center  of  such  a  rooa,  any  of  the  above  walls 
will  be  reaoved  by  the  resulting  initial  blast  and/ 
or  quasi-static  pressure,  there  le  the  possibility, 
however,  that  the  very  early-tiae  failure  of  light 
interior  walls  would  sufficiently  lncrea^j  the  vol¬ 
ute  Into  which  the  quasi-static  pressure  espands 
that  thr  heavy  exterior  wall  way  Stand  after  the 
detonation  of  a  105-an  round. 

the  101  ■,  111  an  and  8  in.  ME  shells  depend 
upon  fragaentatlon  for  a  aajor  portion  of  their 
effectiveness  against  personnel.  The  Gurney  equa¬ 
tion  (Reference  8)  predicts  initial  fragment 
velocities  of  2950  ft/sec,  1)20  ft/nec  and  1)70  ft/ 
sec  for  these  shells,  respectively.  An  average 
fragaent  weight  of  90  grains  is  typical,  fragments 
of  this  weight  and  the  above  velocities  can  perfor¬ 
ate  swell  consist  Inc  of  *  total  of  two  Inches  of  plas¬ 
ter  and  still  have  a  residual  velocity  greater  than 
that  required  to  penetrate  winter  clothing  (Refer¬ 
ences  9  and  10).  These  ‘ragaents  also  have  the 
capability  to  perforate  up  to  th'ee  or  aore  dryvall 
partitions  and  still  pose  a  severe  threat  to  per¬ 
sonnel  in  other  rooas.  However;  the  floor  slabs 
fora  an  effective  shield  protecting  personnel  on 
adjacent  floors  froa  f ragaents. 

RESPONSE  OF  PERSONNEL  TO  (LAST  OVERPRESSURE 

The  blast  overpressure  froa  a  detonating  shell 
can  kill  or  Injure  nearby  personnel  through  any  of 
several  aechanlsas:  primary  blast  (daaage  to  alr- 
uuuUliilng  tissues  cf  the  lungs),  secondary  damage 
(iopact  by  objects  wMdi  are  accelerated  by  the 
hlaat),  tertiary  affects  (whole  body  tranalatlon 
and  lapact  on  rigid  surfaces),  and  sardrua  rupture. 
Secondary  damage  will  not  be  considered  further. 
Researchers  at  the  Lovelace  Foundation  (References 
11  and  12)  have  developed  pressure  versus  duration 
lethality  curvet  for  hunant  due  to  p-laary  blast 
daaagt.  These  curves  suggest  that  the  initial 
blast  at  a  distance  of  10  ft  froa  any  of  tbs  select¬ 
ed  munitions  Is  below  the  three hold  for  lung  deaage, 
but  the  quaal-atetlc  pressure  froa  the  8-U.  ehell 
In  a  20  ft  x  1)  ft  rooa  vlll  result  In  less  than 
IX  survival  and  the  1)5  as  ehell  will  rewult  in 
lees  than  10X  survival.  Personnel  have  a  98X  or 
greater  chance  ot  survival  froa  prlatry  lung  daaage 
due  to  blast  froa  the  105  aa  or  4.2  In.  aortar  HE 
shells. 

Blast  overpressure  and  lapulse  serve  to  produce 
whole-body  aotlon  and,  If  rigid  lapact  surfaces  are 
assumed,  an  lapact  velocity  of  10  ft/see  represents 
a  "mostly  safe"  level  (Reference*  12,  l)  and  14). 

The  method  developed  In  Reference  15  indlcetei  that 
the  velocity  Imparted  to  a  154-lb  (70  kg)  person 
la  nuch  lees  than  this  "mostly  safe"  level. 

Hlrtch  (Reference  18)  has  concluded  that  there 
le  e  50X  nr. ;ure  probability  of  eerdruaa  of  exposed 
personnel  at  an  overpressure  of  15  pal,  and  Refer¬ 


ence  1)  supports  this  value  for  "feat"  rising  over¬ 
pressures  vith  durations  of  froa  0.00)  to  0.4 
seconds.  The  threshold  for  sardrua  rupture  ocrun 
at  5  pal.  The  direct  blast  froa  a  155  ■,  8-ln.  or 
4.2-ln.  aortar  shall  In  the  20  ft  by  1)  ft  rooa 
exceeds  the  level  far  501  sardrua  rupture  aa  does 
the  quasl-etatlc  pressure  froa  the  105  hi  round. 

It  autt  be  obeerved  that  ell  of  these  bleat  effects 
or  Injuries  are  In  addition  to  the  aore  lethal 
fragmentation  effects  of  the  munition*. 

PERSONNEL  RESPONSE  TO  DETONATION  DEBRtS  IMPACT 

The  U^net  end  point  detonation  of  an  artillery 
ehell  on  the  outside  of  a  brick  building  wall  will 
probably  produce  brlck-elte  f ragmen te  In  the  room 
behind  the  wall.  The  velocity  of  these  fragments 
la  dependent  on  the  taounl  of  explosive  in  the 
ehell,  and  the  velocities  for  e  8.2-lb  brick  can 
range  froa  1)8  ft/eec  to  XX)  ft/sec  for  105  as 
and  8  In.  ahella,  respectively.  The  probability  of 
death  (P)  from  projectile-induced  trauaa  to  the 
thorax  hai  been  given  In  Reference  17  aa 


F  *  1  ♦  exp  [a  ♦  Bin(MV7/HD)l 

where  M  -  projectile  mess,  grans 

V  -  velocity  of  projectile,  m/sec 
D  •  projectile  diameter,  cm 
H  »  meet  of  target  animal,  kg 
a  •  14.90 
8  -  -4.)9. 

Combining  the  above  brick  alts  and  velocity  with  a 
70-kg  human  target,  the  105  m,  155  mt  and  8-ln. 
ahella  all  provide  a  probability  of  death  greater 
than  0.95  for  a  parson  struck  by  such  a  projectile. 
There  are,  however,  a  very  few  such  projectiles, 
and  the  probability  of  being  hit  by  one  in  small. 

FORMATION  AND  LOCATION  OF  RUBBLE  X 

Sustained  artillery  and  aerial  bombardments  of 
Vorld  Var  II  produced  enormous  quantities  of  build¬ 
ing  rubble  from  the  collapse  of  the  load-bearing 
brick  wall  structures  which  were  prevalent  et  the 
tlae.  Today's  fraaad  structures  do  not  have  the 
aaounte  of  material  available  to  convert  to  rub¬ 
ble  If  one  agreee  that  the  floor  slabs  of  the 
structures  will  not  be  destroyed  and  that  entire 
structures  should  not  collapse.  Shell  detonations 
in  the  center  of  a  rooa  behind  the  building  exter¬ 
ior  walls  will  probably  (aa  shown  earlier)  rupture 
those  walls  and  propel  the  brick  or  other  material 
pieces  Into  the  street  below.  The  maximum  ground 
range  for  a  brick  or  block  piece  coming  from  the 
top  floor  of  our  "typical"  building  is  approxi¬ 
mately  25  feet.  A  10-atory,  heavy  clad  structure 
(brick  and  block  exterior  walla)  will  have  around 
MX  of  Its  exterior  surface  covered  by  glass  (Ref¬ 
erence  7),  and  the  ln-plac*  voliae  of  tho  wall 
materials  la  19  !t*  par  foot  of  street  frontage. 

If  a  1.1  expansion  factor  la  used  to  include  the 
effects  of  partly  bi-ken  blocks  and  If  the  total 
axterlor  wall  ware  blown  out  from  the  structure, 
the  rubble  volume  v«ild  be  51  ft'*  per  foot  of 
building  frontage.  Each  11  ft  by  10  ft  rooa  wall 
section  auet  be  reaoved  Individually,  The 
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resulting  rubble  pile  should  be  triangular  in 
shape,  extending  25  feet  from  the  building  bate 
and  approximately  4  ft  deep  at  the  building  wall. 

The  debris  froa  a  light  clad  structure  (glass, 
metal  or  other  thin  material  exterior  walls)  can 
consist  of  a  number  of  relatively  large-ln-area, 
thin  panels.  These  walls  have  an  average  thickness 
of  b.7  in.  (Reference  7),  of  tdiich  4.1  in.  is  light, 
non  rubble-producing  insulation.  The  expected 
ground  range  Impact  distance  is  difficult  to  pre¬ 
dict  because  of  lifting  or  sailing  effects  on  the 
panels,  and  the  expected  rubble  depth  should  be 
less  than  -»t  foot.  Such  walls  would  produce 
trash  instiad  of  rubble.  Trash  would  not  be  an 
effective  barrier  to  vehicular  travel. 

These  rubble  distribution  patterns  are  based 
on  wall  failure  under  the  effects  of  the  direct 
blast  froa  a  ahell  detonating  at  room  center.  If 
a  super  quick  fuse  mode  shell  hits  the  outside  vail, 
the  debris  will  be  blown  into  the  building  and  will 
not  contribute  to  the  rubble  in  the  street  below. 

If  the  wall  she  Id  fall  under  the  quasi-static 
rather  than  inl'ial  blast  loading,  the  debris 
velocities  and  ground  Upact  distances  would  be 
slightly  greater  because  of  the  increased  impulse 
imparted  to  the  wall  materials. 

SUMMARY 

The  above  analyses  have  shown  that  modern, 
framed  buildings  should  not  suffer  severe  struc¬ 
tural  damage  or  collapse  under  the  effects  of  the 
indirect  fire  munitions  considered.  The  exterior 
and  interior  walls  can  be  destroyed  on  a  room-by- 
room  basis,  and  personnel  in  the  rooms  on  the  same 
floor  are  not  afforded  any  real  protection  against 
the  normal  fragmentation  of  the  rounds.  The  rubble 
produced  by  artillery  bombaritaenta  of  urban  areas 
should  not  aerloualy  hamper  vehicular  traffic  in 
the  streets. 
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ABSTRACT 

In  structural  engineering  It  (s  imperative  to 
design  each  system  to  survive  the  Inputs  antici¬ 
pated  over  the  design  life  of  the  structure. 
Strong  motion  Inputs  cause  systems  to  execute  non¬ 
linear  responses,  and  during  strong  ant  Ion  respon¬ 
ses  structures  acctivulate  damage.  Therefore,  the 
capability  to  model  nonlinear  response  and  to 
assess  the  damage  level  in  a  structure  is  essen¬ 
tial  for  optimal  design. 

Techniques  for  the  diagnosis  of  damage  in 
inelastic  structures  have  baen  developed.  The 
dissipated  energy  In  mechanical  systems  Is  taken 
as  a  measure  of  daaaae  accienulatlon.  Two  models 
for  the  simulation  of  damaged  structural  response 
have  been  developed.  The  objective  of  this  study 
is  to  use  these  models  to  estimate  the  amount  of 
energy  dissipated  duo  to  a  strong  motion  input. 

The  results  show  that  structural  daaage  can 
be  predicted,  even  In  the  presence  of  measurement 

noise. 


1.  Introduction 

The  ultimate  goal  of  the  structural  engineer 
is  to  design  structures  to  survive  preestablished 
environments.  Structures  subjected  to  strong 
motion  Inputs  respond  Inelastically  and  accmaulate 
daaage.  This  daaage  accimulat ton  may  lead  to 
failures.  Therefore,  in  an  accurate  analysis  of 
structural  behavior,  nonlinear  response  as  well  as 
the  potential  for  damage  accumulation  must  be  con¬ 
sidered.  In  this  Investigation,  It  (s  assured 
that  the  dissipation  of  energy  (s  related  to  the 
accumulation  of  damage. 

To  assess  damage  accumulation,  a  model  de¬ 
scribing  structural  behavior  is  required.  This 
model  Is  characteriied  by  Us  parameters.  In 
order  to  determine  the  parameters  of  a  system, 
measured  input  and  response  data  can  be  used  with 
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a  structural  identification  procedure.  In  this 
study  the  least  squares  approach  (s  used  to  Iden¬ 
tify  the  parameters  of  damaged  systems  using  simu¬ 
lated  measured  Input  and  response  data.  In  order 
to  make  the  simulated  data  realistic  the  ideal 
input  and  response  are  first  generated,  then  mea¬ 
surement  noise  is  added  to  the  signals. 

Two  models  for  the  simulation  of  Inelastic 
single-degree-of-freedom  (SDF)  structural  response 
are  proposed.  The  first  is  a  higher  order  linear 
ordinary  differential  equation  with  constant  coef¬ 
ficients.  The  second  Is  a  second-order  linear 
ordinary  differential  equation  with  time  varying 
coefficients.  Methods  for  the  identification  of 
the  parameters  of  these  systems  are  presented  in 
this  paper. 

The  differential  equation  governing  the 
response  of  an  Inelastic  SOF  system  is  a  second- 
order  ordinary  differential  equation  with  hyster- 
etic  stiffness  term.  Some  recent  investigations 
(e.g.,  Reference  1)  have  used  a  higher  order  lin¬ 
ear  model  to  simulate  the  behavior  of  the  actual 
system  because  the  hystereiic  character  of  the 
response  of  an  inelastic  system  can  be  approil- 
mately  matched  by  the  hysteresis  In  the  response 
of  a  h igher  order  1  Inear  system. 

It  is  known  that  a  structure  subjected  to  an 
extreme  environment  displays  a  response  with  time 
dependent  characteristics.  Part Icularly,  a  struc¬ 
ture  executing  an  extreme  response  can  display 
diminished  stiffness  and  variable  damping.  The 
Investigation  summanited  In  Reference  2  demon¬ 
strates  this  behavior. 

As  daaage  accumulates  In  a  structural  system. 
Us  strength  diminishes.  It  is  assumed  that  dis¬ 
sipated  energy  is  a  measure  of  structural  damage. 
As  the  energy  dissipated  by  a  system  increases, 
the  residual  strength  decreases.  The  basis  for 
this  assia^tion  is  established  in  Reference  3. 

The  objective  of  this  study  Is  to  demonstrate 
that  the  two  models  described  above  can  be  used  to 
simulate  the  response  of  a  damaged  structure.  The 
relative  merits  of  each  model  are  discussed.  The 
results  of  some  ntmerical  experimentation  using 
simulated  data  are  presented.  These  investigate 
the  feasibility  and  accuracy  of  the  models. 
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2.0  Parameter  Identification  for  Structural 


The  differential  equation  governing  the 
response  of  a"  SDF  system  is 


where  *  is  the  structural  mass,  t  is  the  displace¬ 
ment  response,  dots  denote  differentiation  with 
respect  to  tine,  f  is  the  forcing  function,  and  u 
lx  »h»  r-'-'-e.  This  equation  models  the 
response  of  an  actual  system.  When  the  system 
response  is  nonlinear,  u(t)  is  a  complicated  func¬ 
tion  reflecting  the  hysteretic  character  of  the 
system.  In  this  study,  two  models  will  be  devel¬ 
oped  to  simulate  the  behavior  of  a  hysteretic  sys¬ 
tem.  These  are  equivalent  linear  models. 

2.1  Higher  Order  Linear  Model 

The  first  model  to  be  considered  is  a  higher 
order  linear  equivalent  model.  It  is  assumed  that 
the  restoring  force  in  Eq.  1  is  governed  by  the 
equation 


satisfy  Eq.  4.  But  Eqs.  1  and  2  are  meant  to 
model  nonlinear  systems;  noise  is  practically 
always  present  in  physical  signals,  and  the  dis¬ 
crete  Courier  transform  is  often  used  in  practical, 
analyses.  Therefore,  measured  data  will  not  gen¬ 
erally  satisfy  Eq.  4.  4n  error  term,  t(w),  must 
be  added  to  Eq.  4  to  establish  equality.  This 
yields 

«(*>  *  |  £  CjUiw)-1  F(„)  -  R(iu)jf2  2(-)|? 

-  |i<Wiu)  *  Z<“)f  •  (5) 

trfiere  F(w)  and  2(a)  are  the  Fourier  ransforms  of 
the  measured  input  and  response  signals.  The 
opt  inn*  model  parameters  are  thoe  _>  which  minimize 
the  error,  in  seme  sense. 

Define  the  square  of  t.he  model  error  as  fol- 


f  -P  ■> 


where  Cj,  j  *  0,  ...,M  ♦  1  are  constants  charac¬ 
terizing  the  model;  a  superscript  (J)  re'ers  to 
the  jth  time  derivative  of  the  quantity  it  fol¬ 
lows;  and  M  reflects  the  order  of  approximation  of 
the  linear  system  to  the  actual  system.  The 
objective  of  the  analysis  is  to  use  measured  data 
to  identify  the  parameters  in  the  model  Once 
this  Is  none,  the  energy  dissipated  in  the  system 
during  structural  response  can  be  evaluated. 

The  following  procedure  is  used  to  perform 
the  parameter  identification  for  the  higher  order 
linear  model.  Combine  Eqs.  1  and  2  in  the  follow¬ 
ing  way.  Solve  Eq.  1  for  u,  then  take  derivatives 
of  the  resulting  expression.  Use  these  in  Eq.  2. 
The  result  is 


uj  and  are  frequencies  which  band  tne  char¬ 
acteristic  frequency  of  the  SDF  system.  The  sys¬ 
tem  constants,  Cj,  J  »  ♦  1,  are  those 

whose  values  satisfy  the  sequence  of  equations 


4r-  ’  0  ,  j  »  0, . . . ,M  ♦  i  . 


17) 


These  constants  are  optimal  in  a  least  squares 
sense. 


In  this  investigation  computations  invo.ving 
two  specific  cases,  where  N  *  0  and  M  »  1,  were 
performed.  The  governing  equations  (Tq.  3)  in 
these  cases  are  second  and  third  order  deferen¬ 
tial  equations,  respectively.  In  all  cases,  a 
search  procedure  can  be  used  to  solve  Fqs.  7.  In 
the  cases  where  N  is  s-jall,  approximate  analyses 
can  also  be  executed. 


Since  the  parameter  Identification  is  to  be  car¬ 
ried  out  in  the  frequency  domain,  Fourier  trans¬ 
form  Eq.  3.  Evaluate  the  modulus  squared  on  both, 
sides  of  the  equation;  the  result  is 


Cj((iw)J  F(w)  -  m(i 
*  +  l> 


F(w)  -  m(i«)j*2  Z(«)) 


This  equation  is  assumed  to  govern  the  response 
amplitudes  in  the  frequency  domain.  If  1)  the 
system  under  consideration  were  linear,  2)  all 
measurements  were  noise  free,  and  (3)  all  Fouriet 
transforms  were  exact,  then  measured  data  could 


When  H  *  0,  the  constants  c0  and  c,  must  be 
evaluated.  An  approximate  analysis  can  be  carried 
out  {deference  j)  where  smatt-veiued  cross  terms 
_ are  neglected.  Then  the  solution  of  Eqs.  7  can  be 
evaluated  in  closed  form.  Numerical  investiga¬ 
tions  hive  show  the  approximate  analysis  to  be 
quit?  accurate  in  this  case. 

When  N  >  1  approximate  analyses  of  Eqs.  7  can 
still  be  per7ormed,  but  more  accurate  results  are 
obtained  using  an  exact  search  procedure.  Ir  the 
present  study  an  iterative  Newcon-Raphson  approach 
was  used  to  find  the  solution  of  Eqs.  7.  Other 
techniques,  including  gradient  search  techniques, 
can  also  be  used  to  solve  Eqs.  7.  fc*erical 
examples  have  show  that  the  analysis  described 
here  can  be  executed. 
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Some  nuserical  examples,  solved  usinq  the 
techniques  developed  In  this  section,  are  summar¬ 
ized  <n  Section  3.0. 

2.2  Time  Varying  Unear  Model 

The  second  model  for  inelastic  systm* 
response  Is  a  time  varying  linear  model.  It  Is 
assumed  that  the  restoring  force  in  Eq.  1  Is  gov¬ 
erned  by  the  equation 

u(t)  •  c(t)  i  ♦  k(t)  i  ,  (8) 

•here  c ? t >  is  a  time  varying  dasping  and  k(t)  is  a 
time  varying  stiffness.  The  specific  forms  used 
to  represent  c(t)  and  k(l)  are  given  below. 

c(t)  •  (1  ♦  «t)  co  .  (9) 
k(t)  ■  (1  ♦  Pt)  kQ  .  (10) 


(•m-?  ♦  »co«  ♦  k0)  •  -ikoT‘(.)  (14c) 

•here  l(m),  Z„(«»),  Z  (m)  and  i. {«)  are  the  Fourier 
transfer ms  of  z(tl,  zjt),  I  (t)  and  z.(t);  and 

O  <1  0 

primes  denote  differentiation  with  respect  to 
frequency. 

Equations  14  can  be  solved  sequentially  and 
used  in  £q.  13  to  obtain  an  approximate  expression 
for  the  Fourier  transform  of  the  response.  The 
modulus  of  the  resulting  equation  can  be  evaluated 
to  obtain 

|z<-)|  ■  |  [1  ♦  tc0(HM  ♦  *»■(«)! 

-  tk0PH‘(*n  H(»)  H„) 


♦  (mcc.  -  ik0P)  H*(«)  F'(-) 


a,  c0,  p,  and  k0  are  constants.  As  in  *he 
previous  analysis,  the  objective  is  to  use 
measured  data  to  identify  the  parameters  in  the 
model.  Once  this  is  done,  the  energy  dissipated 
in  the  system  during  structural  response  can  be 
evaluated. 

The  following  procedure  is  used  to  perform 
the  parameter  identification  for  the  time  varying 
linear  model.  It  is  assimed  that  the  parameters  a 
and  p  are  relatively  small  compared  to  one.  Then 
the  perturbation  method  can  be  used  to  express  the 
response.  The  response  Is  assuaed  to  be  approxi¬ 
mately 

i(t)  •  *Q(t)  ♦  aaa(t)  *  pz#(t)  .  (11) 

This  expression  can  be  used,  along  with  Eqs.  8,  9, 
and  10,  in  Eq.  1  to  obtain  the  governing  differen¬ 
tial  equetion.  The  coefficients  of  the  terms  1, 
a,  and  p  can  be  established,  and  equated  to  aero, 
to  obtain  the  sequence  of  governing  equations 

■|q  ♦  c0J0  ♦  koiQ  •  f  ,  (12a) 


mi'  ♦  c  J  ♦  k  t  •  -c.t  i  , 
a  o  a  o  a  o  o 


H(«)  •  f(k0  -  mj)  *  l(«c0)]*1  .  (16) 

This  equation  is  assumed  tc  govern  the  response 
amp) itudes  in  the  frequency  domain.  Measured  data 
•it)  not  generally  satisfy  Eq.  15  for  the  reasons 
discussed  following  Eo.  4.  An  error  term  t(^), 
must  be  added  in  Eq.  15  to  establ ish  equal  it y  when 
measured  data  are  used.  Let  Zim'  («)  be  the 
modulus  of  the  Fourier  transform  of  the  measured 
response.  Then, 


•here  l(u)  is  the  expression  obtained  idtei  the 
Fourier  transform  of  the  measured  input  Is  used  on 
ih«  right  side  of  Eq.  15. 

The  opt  i*«n  model  parameters  tan  be  deter¬ 
mined,  in  a  least  squares  sense,  by  minimizing  the 
square  of  the  model  error.  The  square  of  the 
model  error  is 


'■/ 

*  <n 


C  {«)  , 


W, ♦ c  z  ♦  k  i 
S  0  I  op 


■it  1 
O  0 


Since  the  parmaeter  identification  is  to  be 
carried  out  in  the  frequency  domain,  Eqs.  11  and 
It  muil  l>e  Fourier  transformed.  The  results  are 

Urn)  ■  Z0U)  ♦  *la(m)  ♦  lZB(u)  (13) 


(W  ♦  te#*a  k0)  Z0(m)  V  F(„)  ( 

(■*•*  ♦  lCQ»  ♦  kQ)  Za(«)  *  C0(Z0(«)  ♦  «<Z^(«)) 


uj  and  are  frequencies  bandirg  the  charac¬ 
teristic  frequency  of  the  SOf  system.  The  error 
is  minimized  Mhen  the  model  parameters  are  chosen 
to  satisfy 

£-°-£-w-£  1151 


These  equations  can  be  solved  simultaneously  using 
a  search  procedure.  In  this  study  an  iterative 
Neeton-Raphson  approach  «as  used  tc  solve  Eqs. 
19.  Other  search  techniques  could  also  be  used. 

Same  numerical  examples  mere  solved  using  the 
technique  developed  in  this  section.  One  of  these 
is  summarized  in  Section  3.0. 


Parameters  of  the  Fore  tog  Function 


2.3  Computation  of  Dissipated  Energy 

It  was  stated  in  the  introduction  that  the 
energy  dissipated  in  a  structure  is  a  measure  of 
the  damage  accunulated  in  the  system.  The  energy 
dissipated  in  a  structure  can  be  calculated  in  the 
process  of  computation  of  the  structural  re¬ 
sponse.  Once  the  parameters  of  a  structural  sys¬ 
tem  have  been  identified  the^  restoring  force  can 
be  calculated  using  eitV.r  r‘.  2  or  Eq.  8.  The 
formula  for  dis.ipate-d  c-'i‘  gy  is 


Table  1. 
a  *  0.1  N  *  50 
cj  *  10. 0  ,  J  - 

uj  =  (1.8  *•  0.009  j)  *  ,  j  =  1.....50 

The  input  generated  using  these  parameters  is 
shewn  in  Figure  1. 


F 


0 


u(z)  dz  , 


(20) 


where  u(z)  is  the  restoring  force  as  a  function  of 
displacement,  and  z(-«)  and  z(«)  are  the  displace¬ 
ments  e'  the  times  minus  and  plus  infinity.  A 
change  of  variables  can  be  made  in  the  above 
expression  to  obtain 


t 


D 


u(z(t.l) 


z(t)  dt 


(21) 


In  the  numerical  -solution  of  Eq.  1,  z,  z,  z,  and  u 
are  determined  at  each  time  step.  The  energy  dis¬ 
sipated  can  be  incrementally  computed  using  these 
values . 


In  each  example  a  different  SDf  system  was 
analyred.  In  the  first  example  a  linear  system 
was  considered.  In  the  second  example  a  j. I 'near 
hysteretic  system  was  used.  The  system  p.  ramnters 
are  listed  in  Tablt  2. 


Table  2.  Sysl<>m  Parameters 


Example  1 
m  =  1.0 
c  *  1.26 
k  *  39.40 
Ed  *  11028 


Example  2 
m  *  1.0 
c  *  1.26 
k  -  39.48 
ky  *  0 

D  =  4.0 
Ed  =  8225 


r.O  Numerical  Example 

Two  nunerical  examples  are  solved  in  this 
section  using  the  approaches  established  in  Sec¬ 
tion  2.  In  both  examples  the  parameters  of  an  SDF 
system  are  Identified.  The  higher  order  linear 
model  of  Section  2.1  and  the  time  varying  linear 
model  of  Section  2.2  are  used.  The  parameters  of 
the  higher  order  linear  model  are  identified  for 
the  cases  where  M  -  0  and  H  =  1.  Once  the  model 
parameters  are  identified,  the  method  of  Section 
2.3  is  used  to  calculate  the  energy  dissipated  in 
each  model. 

The  input  used  in  this  study  is  an  oscilla¬ 
tory  random  function  with  decaying  exponential 
amplitude.  The  input  is  modeled  by  the  expression 

N 

f(t)  =  e'al  £  c.  cos(w,t  -  *.)  ,  0  <  t  <  T  . 

-  j=tl  J  .  J  -  - 

(22) 

a  is  the  amplitude  decay  rate  of  the  input;  N  is 
the  number  of  harmonic  components  in  the  input; 
cj,  j  *  1,...,N  are  the  Input  amplitudes;  «j, 
j  -  1,...,N  are  the  frequencies  where  the  input 
has  power,  *j>  j  *  1,...,N  are  mutually  indepen¬ 
dent  uniform  rardom  variables  distributed  on  the 
interval  (-»,  »).  The  input  is  an  approximately 
normally  distributed,  nonstationary  random  proc¬ 
ess.  The  parameters  of  the  input  u^ed  in  the 
examples  are  listed  in  Table  1. 


m,  c,  and  k  are  the  mass,  damping,  and  elastic 
stiffness.  ky  and  0  are  the  yield  stiffness  and 
yield  level  of  the  inelastic  system.  The  actual 
response  of  the  inelcstic  system  is  shown  in  Fig¬ 
ure  2.  The  energy  dissipated  during  each  response 
is  given  in  Table  2. 


It  is  assumed  that  noise  may  be  present  trfien 
the  input  and  response  are  measured.  To  simulate 
this,  the  generated  input  and  response  are  modi¬ 
fied  by  the  addition  of  white  noise.  A  ten  per¬ 
cent  noise-to-slgnal  ratio  was  used  in  the  exam¬ 
ples.  The  noisy  input  and  inelastic  response  of 
Example  2  are  shown  in  Figures  3  and  4. 

The  parameters  of  the  higher  order  linear 
model  (H  =  0  and  M  *  1)  and  the  time  varying  lin¬ 
ear  model  were  identified  using  the  input  and  the 
responses,  described  above,  in  a  computer  program 
-(Reference  3).  The  parameter  identification  was 
performed  using  both  the  noise-free  and  noisy  sig¬ 
nals.  The  results  of  the  computations  are  given 
in  Tables  3,  4,  and  5.  The  model  responses  are 
compared  to  the  actual  response  In  Figures  5,  6, 

Table  3.  Linear  Model  Parameters  (M  =  0), 
Energy  Dissipated 


Co 

Cl 


Noise-Free  Case 
Actual  Response: 
Linear  Nonlinear 

(ex.  1)  (ex.  2) 
40.0  34.6 

1.28  1.75 

10720  7700 


Noisy  Case 
Actual  Response: 


Linear  Nonlinear 
(ex.  1)  (ex.  2) 


39.2  32.0 

1.37  1.95 

10900  6476 
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Table  4.  linear  Model  Parameters  (M  *  1), 
Energy  Dissipated 


Noise-Free  Case  Noisy  Case 

Actual  Response:  Actual  Response: 


c0 

Linear 
(ex.  11 
39.2 

Nonlinear 

..tg-Jl. 

30.3 

Linear 

ISL-JI 

34.3 

Nonlinear 

(«•-?) 

32.0 

Cl 

1.28 

3.95 

2.98 

2.60 

C2 

0 

0.07 

0.05 

0.02 

E0 

11090 

7598 

11710 

6803 

Table  5. 

Time  Varying  Linear  Model  Param¬ 
eters,  Energy  Dissipated 

Noise-Free  Case 
Actual  Response: 

Noisy  Case 
Actual  Response: 

a 

Linear 
(ex.  1) 

0 

Nonlinear 
(ex.  2) 
0.0010 

Linear 

i> 

-0 

Nonl inear 
(«•  ?) 
0.011 

Co 

1.27 

1.71 

1.29 

1.54 

t 

0 

-O.OOIS 

-0 

0.0026 

ko 

39.3 

40.3 

38.4 

32.8 

En 

10741 

8186 

10929 

7016 

and  7  for  Example  2  (where  the  actual  response  Is 
nonl inear) . 

The  results  show  that  all  models  match  the 
actual  response  quite  well.  Especially,  the  peak 
response  in  each  model  matches  the  actual  peak 
response  well.  Of  course,  the  linear  models  do 
not  permit  permanent  set;  therefore,  the  final 
displacement  of  each  model  is  in  error.  Using 
displacment  response  as  a  criterion,  the  third 
order  and  time  varying  models  appear  to  provide 
the  best  results.  Using  dissipated  energy  as  a 
criterion,  the  time  varying  model  provides  the 
best  result. 

4.0  Summary  and  Conclusions 

The  objective  ot  this  study  was  to  develop 
approximate  linear  models  for  the  simulation  of 
inelastic  system  response  and  the  measurement  of 
damage  acctmulat  ion  in  a  structure.  It  was 
assmned  that  energy  dissipated  is  related  to  the 
accunulation  of  damage.  The  model  parameters  were 
identified,  then  the  energy  dissipated  during  a 
strong  motion  was  calculated.  The  displacement 
response  and  the  energy  dissipated  in  each  model 
were  compared  with  the  displacement  response  and 
energy  dissipated  in  the  actual  structure. 

Three  basic  models  were  considered  in  this 
study.  Tht.e  are  second-  and  third-order  linear 
models  with  constant  coefficients,  and  a  second 
order  linear  model  with  time-varying  parameters. 
The  frequency  domain  approach  was  used  in  all  the 
parameter  identification  computations. 


The  results  of  the  numerical  examples  lead  to 
the  following  conclusions. 

1.  Linear  and  nonlinear  hysteretfc  SDF  sys¬ 
tems  can,  in  some  respects,  be  accurately  modeled 
using  second-  and  third-order  linear  differential 
equations  with  constant  coefficients,  and  a 
second-order  linear  differential  equation  with 
time-varying  coefficients.  The  models  provide 
accurate  simulations  when  displacement  response 
and  energy  dissipated  criteria  are  used. 

2.  The  frequency  domain  approach  can  be  used 
to  Identify  model  parameters  of  all  three  models 
when  the  force  and  response  measurements  are 
noisy. 

3.  The  second-order  model  with  time-varying 
coefficients  provides  the  best  simulation  of  sys¬ 
tem  response  and  energy  dissipated  among  the  three 
models  considered. 
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Figure  1.  Signal  used  to  simulate  actual  input. 


Figure  2.  Signal  used  to  simulate  actual  dis¬ 
placement  response. 


Figure  3.  Input  force  plus  noise. 


Figure  4.  Displacement  response  plus  noise. 


Figure  5.  Comparison  between  actual  response 
(thin  line)  and  model  (M  ■  0) 
response  (thick  line). 


Figure  6.  Comparison  between  actual  response 
(thin  line)  and  model  (M  =  1 ) 
response  (thick  line). 


Figure  7.  Comparison  between  actual  response 
(thin  line)  and  model  (time  varying 
parameter)  response  (thick  line). 
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ABSTRACT 

Aboveground  aagaeinea  for  atorage  of  aaaunl- 
tion  are  incrcaaingly  difficult  to  accoaaodate 
within  conatrainta  inpoaed  by  eaploaivec  aafety, 
pbyaical  aecurity,  aurvivability,  and  fleet  oper¬ 
ational  requirement!.  The  Navy  baa  developed  an 
alternative  deeign  roncept,  called  a  chianey  aaga- 
line.  The  chianey  aagaxine  conainta  of  a  box  for 
weapona  atorage,  two  chianeya  for  acceaa  to  ator¬ 
age,  a  horixontal  eliding  door  over  each  chianey,  a 
blanket  of  aoil  over  the  box,  and  a  atraddle  trail¬ 
er  to  retrieve  and  tranaport  weapona.  The  concept 
dramatically  increaaea  the  phyaical  aecurity  and 
aurvivability  of  atorage  and  dramatically  deereaaea 
the  encuabered  land  area  without  coaproaiaing 
exploaivea  aafety  requireaenta  for  aoncoamuulcation 
of  exploaiona,  damage  to  atorage  froa  exploaiona, 
and  protection  of  life  and  property  in  inhabited 
areaa  froa  bleat,  ground  ahock,  and  debria.  It  ia 
concluded  the  chianey  aagaxine  offera  high  poten¬ 
tial  of  being  a  coat  effective  concept  to  amet  DOD 
requireaenta  fur  toawrrow'a  aaao  depot, 


INTRODUCTION 

Ammunition  atorage  aagaxinea  coapriae  the 
largeat  ioveataeot  of  reel  property  inventory  at 
ahore  activitiea  aupporting  the  Naval  ammunition 
logiatica  ayatea.  The  traditional  aagtxinc  deaign 
ia  an  aboveground,  arch-  or  boa-ahaped  atructure 
be  rued  with  aoil.  The  aoil  bera,  2  feet  deep  over 
the  roof,  eatenda  horixontal ly  beyond  the  walla 
where  it  alopea  down  over  three  aidea  of  the  atruc¬ 
ture.  The  fourth  aide  ia  a  vertical  headvall  with 
doers  for  h  rixontal  acceaa  to  atorage.  The  deaign 
concept  ia  perennial,  dating  back  alaoat  to  the 
di  co very  of  gun -powder. 

Safety  ia  achieved  by  aeparation  diatance. 
freedom  froa  riak  of  eyapathetic  detonation  between 
aagaxinea  ia  achieved  by  providing  a  ninlaua  aepa- 
ratioo  diatance  between  aagaxinea.  Freedom  froa 
riak  of  damage  to  contend  from  exploaiona  in  other 
aagaxinea  ia  ocLieved  by  blaat  hardening  headwalle 
and  doora.  Safety  of  unrelated  areaa  outaide  the 
aagaxine  depot  ia  achieved  by  providing  aufficicat 
aeparation  diatance  to  liait  the  riak  of  injury  and 
daatage  from  blaat,  fragments  and  debria  cauaed  by 
an  inadvertent  axploalon.  For  350,000  pounda  Not 
Explosive  Weight  (NEW)  of  atorage  per  aagaxine,  the 
required  aeparation  diatance  to  unrelated  arena 
exceeda  3,524  feet  and  encumbera  over  IRS  arrea  of 
land. 


The  exiating  concept  for  aaaao  atorage  encum¬ 
ber  a  large  areaa  of  valuable  real  eatate  -  at  a 
tine  when  the  Navy  ia  already  faced  with  a  riaing 
coat  of  land  acquiaition  (which  ia  loatetiaea  not 
available  at  any  price),  ahrinking  aupply  of 
buildable  land,  and  increaaing  encroachment  by  the 
private  coaaninity.  Further,  aboveground  magaxiaea 
provide  liaited  phyaical  aecurity  -  at  a  tine  when 
both  thd  terroriat  threat  and  the  anaa,  ammunition 
and  exploaivea  requiring  secure  atorage  are  in¬ 
creaaing.  The  problea  ia  particularly  acute  at 
coaatal  activitiea  aad  certain  inatallatioaa  in 
Europe.  Faced  with  tbit  dilemma,  the  Naval  Civil 
Engineering  Laboratory  (NCEL)  ia  developing  tech¬ 
nology  and  concept!  for  alternative  aolutiooj.  The 
goala  are  new  deaign  concepts  Cor  aaao  storage, 
maintenance,  tenting  and  tranafer  facilitiea  which 
are  affordable  and  alao  meet  exploaivea  aafety, 
phyaical  aecurity,  aurvivability,  and  fleet  ope, a- 
tional  requireaenta. 

SOLUTION 

A  new  deaign  concept  fo.  aaao  atorage  maga- 
xines  ia  illustrated  in  Figurea  1  and  2.  The 


Figure  I.  Ammuaieofl  depot  of  chimney  magujwa 
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aagazine  depot  h«i  *  flat  surface.  The  ainiaua 
apaciog^between  aagazinea  in  any  direction  it  about 
1.50W1'  ,  where  W  it  the  NEW  liait  of  any  aagazine. 
Thia  it  the  ainiaua  tpacing  allowed  by  DOD  explo- 
tivea  aafety  ttandarda  to  prevent  explotion  coa- 
aunication  between  underground  storage  chaabert. 
For  W  =  300,000  pounda  NEW,  the  ainiaua  tpacing 
between  aagazinea.  would  be  100  feet,  coapared  to 
84  feet  (l^ZiW1'J)  aide-to-aide  tpacing  and 
402  feet  (6VI/J)  front-to-rear  tpacing  required  by 
DOD  aafety  ttandarda  for  aboveground,  earth- 
covered,  box-ahaped  aagazinea. 

Eaaential  eleaenta  of  the  deaign  concept  are  a 
rectangular-ahaped  box  for  weaponi  atorage,  two 
chianeya  for  acceaa  to  atorage  in  two  baya ,  a 
horizontal  eliding  door  over  each  chianey,  a  blan¬ 
ket  of  toil  over  the  atorage  box,  and  a  atraddle 
trailer  to  retrieve  and  tranaport  weapona. 

Storage  Box:  Aaaunitioo  it  ttored  in  a  large 
box-ahaped  ttructure  conatructed  of  conventional 
reinforced  concrete.  Many  aagazinea  in  the  current 
Navy  inventory  are  arch-ahaped  structures  but 
atudiea  of  the  pretent  and  projected  typet  and  aix 
of  Navy  weapona  call  for  a  box-ahaped  ttructure  for 
aaxiaua  apace  utilization,  interior  diaenaiona  of 
the  box  are  about  70  x  70  x  18  feet  high.  The  box 
hat  two  atorage  baya,  aeparated  by  two  reinforced 
concrete  column  deaigned  to  aafely  aupport  the 
roof  loada  (Figure  3).  The  entire  box  it  deaigned 
to  aafely  reaiat  dead  plua  live  loada.  Effecta 
froa  an  explotion  in  an  adjacent  aagazine  are  not 
expected  to  dictate  thtf  deaign  loada  -  the  effec¬ 
tive  aate  of  the  roof  alab  plua  the  toil  above  it 
ahould  be  aufficient  to  aafely  abaorb  the  blaat 
energy  froa  explotiona  in  other  aagazinea.  The 
rated  atorage  capacity  of  the  box  ia  about 
300,000  pounda  NEW. 


Figure  1.  Cargo  tramport  lynrm  inade  chimney  magazine:  overhead-rail 
rynem  and  bridge  crane. 

Chianey  Accent!  Acceaa  to  atorage  ia  through  a 
reinforced  concrete  chianey  cant  aonolithic  with 
the  atorage  box,  aa  ahown  in  Figure  2.  A  chianey 
ia  located  at  one  end  of  each  bay  to  aervice  ator¬ 
age  in  ita  bay.  Interior  horizontal  diawoaiona  of 
the  chianey  are  about  28  x  6.5  feet  to  allow  eaay 
acceaa  to  the  largeat  containerized  weapon  and 
palletized  unit  of  aaaunition  in  the  projected  Navy 
inventory.  The  chianey  extenda  about  12  inchea 
above  the  elevation  of  the  aoil  blanket.  The 
chianey  .caaion  above  the  ground  aurface  aervea 


aa  a  curb  to  prevent  aurface  water  froa  enteriqg 
the  chianey  and  to  force  alignaent  of  a  atraddle 
trailer  over  the  chianey. 

An  interior  view  of  the  chianey  ia  ahown  in' 
Figure  3.  The  floora  of  the  chianey  and  box  are  at 
the  save  elevation.  Each  chianey  haa  a  peraonnel 
acceaa-eacape  ladder  and  a  floor  drain  leading  to  a 
auap  pit.  The  area  of  the  vertical  wall  coaaon  to 
the  chianey  and  atorage  box  ia  open  for  eaae  in 
aoving  weapona  between  the  chianey  and  box. 

Sliding  Door:  Each  chianey  in  the  aagazine  depot 
aupporta  a  horizontal  gliding  door,  aa  ahown  in 
Figurea  1,  2  and  4.  The  door,  conatructed  of 
aaaaive  concrete  and  ateel,  ia  deaigned  to  aafely 
reaiat  the  blaat  overpreazure  froa  an  exploaion  in 
an  adjacent  aagazine.  It  alao  ia  expected  to  neet 
ainiaua  requireaenta  of  a  high-aecurity  door  to 
provide  a  ainiaua  delay  tine  for  forced  entry. 
Further,  the  aaaa  and  conatruction  of  the  door  can 
provide  a  auch  longer  delay  tiae  to  a  larger  apec- 
trua  of  terroriat  attack  acenarioa,  coapared  to 
conventional  hinged  and  hanging  vertical  doora 
coaaon  to  aboveground  aagazinea. 


Figure  4.  Blut-Rxauiu,  high-security  sliding  door  over  chimeny. 

The  door  ccnaiata  of  two  leafa.  Each  leaf  haa 
heavy-duty  rollers  that  ride  on  the  chianey  curb 
and  set  in  groves  when  the  door  is  either  open  or 
closed.  The  aass  and  aecbanical  system  of  the  door 
ia  such  that  only  the  atraddle  trailer  can  operate 
the  door.  A  circular  hatch  in  one  door  leaf  allova 
for  personnel  acceaa  via  the  chianey  ladder. 

Bridge  Crane:  Pallets  of  boabs  or  gun  amunitiou 
and  aetal  containers  of  aiaailea,  torpedoa  or  aines 
are  transported  between  the  atorage  bay  and  its 
chianey  by  a  bridge  crane,  illustrated  in  Figure  3. 
The  bridge  crane,  one.  in  each  bay  of  the  storffce 
bex,  rides  the  full  length  of  the  atorage  bay  on 
two  overhead  rails  faatened  to  the  ceiling  of  the 
atorage  box.  All  cargo  in  a  bay  is  serviced  by  its 
own  bridge  crane;  no  cargo  passes  across  the  coluan 
line  of  the  storage  box.  Metal  containers  are 
fastened  to  their  spreader  bar  and  lifted  by  a 
hoister  (aechsnical  or  electrical)  connected  to  the 
bridge  crane.  Transport  of  pallets  is  siailar 
except  the  pallet  is  lifted  by  aetal  forks  that 
reach  under  ihe  pallet  like  "scackrr"  blades.  The 
overhead  rails  in  the  chianey  area  span  the  width 
of  the  chianey  to  ledge  aupports  on  the  far  wall  of 
the  chianey.  When  not  in  use,  the  overhead  rails 
in  the  chianey  area  swing  back  into  the  storage  box 
to  allow  unobstructed  flow  of  cargo  up  and  down 
the  chianey. 
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Design  of  the  cargo  handling  system  in  the 
storage  hex  it  extremely  critical  to  acceptance  by 
field  personnel  and  safety  authorities.  Maintain¬ 
ability,  availability,  simplicity  and  reliability 
of  operation  are  paramount.  The  bridge  crane 
concept  ia  no  panacea  -  alternative  cargo  handling 
systems  must  be  studied. 

Soil  llaabet:  The  soil  blanket  forma  a  flat  sur¬ 
face  over  the  entire  magaxine  depot  (Figure  1). 
The  depth  of  soil  over  each  storage  hox  ia  the  key 
to  explotivet  safety  performance  and  reduction  in 
eucumbered  land  area.  Given  ao  inadvertent  explo¬ 
sion  involving  the  entire  rated  NEW  capacity  of  the 
magaxine,  the  aoll  blanket  serves  three  very 
important  functions. 

First,  the  soil  blanket  cuat  provide  suffi¬ 
cient  naan  to  limit  shock  vavea  reaching  the  atmo¬ 
sphere  to  those  escaping  from  the  two  chim¬ 
neys  -  not  through  the  roof.  Thus,  the  roof  must 
not  breach  and  offer  a  major  escape  route  for  shock 
waves  before  internal  pressures  have  decayed  suf¬ 
ficiently.  Given  the  desired  performance,  the 
far-field  bloat  environment  will  be  significantly 
less  than  that  from  the  same  explosion  in  an 
aboveground  magaxine.  Consequently,  the  required 
separation  distance  to  unrelated  areas,  e.g., 
inhabited  facilities,  is  significantly  less  than 
that  required  for  an  aboveground  magazine . 

Secondly,  the  soil  blanket  serves  to  reduce 
the  maximum  possible  strike  range  of  concrete 
debris  missiles  significantly  below  that  from  an 
aboveground  magazine.  The  logic  is  a.i  follows. 
The  total  shock  plus  gas  impulse  applied  to  the 
roof  slab  plus  soil  cover  mun  equal  the  change  in 
their  momentum.  Therefore,  the  initial  launch 
velocity  of  concrete  debris  missiles  it  directly 
proportional  to  the  total  mass  of  the  roof  slab 
plus  soil  cover  per  unit  area  of  roof  slab.  Thus, 
doubling  the  suit  depth  reduces  the  launch  velocity 
of  concrete  debris  missiles  by  almost  one-half. 
Finally,  reducing  the  debris  lauoch  velocity  by 
one-half  happens  to  reduce  the  maximum  possible 
strike  range  of  debris  missiles  by  a  factor  of 
four.  Thus,  the  maximum  possible  strike  range  of 
debris  is  inversely  proportional  to  the  square  of 
the  soil  depth,  approximately. 

Third,  the  mast  of  the  toil  blanket  substan¬ 
tially  reduces  the  threat  of  forred  entry  into  the 
magazine  via  the  roof,  which  it  a  concern  for 
standard  aboveground  magazines. 

Simply  stated,  the  toil  blanket  allown  the 
Navy  to  release  land  normally  encumbered  by  explo¬ 
sives  safety  arcs  and  to  significantly  enhance  the 
physical  security  and  survivability  of  storage. 
The  cost-benefit  of  this  strategy  depends  upon  the 
cost  of  soil  fill  (or  excavation  as  the  cate  may 
be)  and  the  value  of  Navy  real  estate.  Based  on 
the  high  value  of  eoastel  real  estate  and  the 
extent  of  encroachment  by  the  private  c immunity,  a 
coat-benefit  analysis  is  expected  to  show  that  the 
Navy  can  easily  justify  today's  market  price  of 
straddle  trailers  and  the  extra  soil  fill  and/or 
excavation  associated  with  chimney-magazines. 

Straddle  Trailer:  Ballets  of  ammunition  and  con¬ 
tainers  ef  weapons  are  moved  to  and  from  the  stor¬ 
age  box,  via  the  chimney,  aad  transported  over  land 
in  the  straddle  trailer  shown  ia  Figures  1,  S  and 
6.  The  straddle  trailer  is  a  rubber-tire  vehicle 


with  a  nteel  frame  superstructure  end  a  timber  bed 
or  platform.  The  platform  it  allowed  to  be  rained 
or  lowered  by  meant  of  a  motor-driven  winch  at¬ 
tached  to  the  trailer  frame.  The  lift  capacity  of 
the  straddle  trailer  it  about  20  tons. 


adi  sere 

Figure  J.  Stnddk  nailer  for  wrieriag  ammo  from  — 
sad  ourr  had  ns  sap  set 


Figured.  Smddk  nsihe  lowering  in  platform  with 
lotd  down  chimney. 


The  straddle  trailer  passes  cargo  into  and  out 
of  the  storage  box  as  follows.  To  retrieve  cargo, 
the  straddle  trailer  ia  first  drawn  into  position 
over  the  chimney.  The  chimney  curb  assures  align¬ 
ment.  Next,  the  trailer  winch  is  used  to  lift- 
aod-'.lide  open  both  leafs  of  the  chimney  do»r. 
The  nans  and  mechanical  system  of  the  door  allows 
only  the  straddle  trailer  to  open  the  chimney 
door  -  physical  security  is  thus  assured.  The 
trailer  platform  it  then  lowered  down  the  chimney 
to  its  floor.  Guide  wheels  above  the  trailer  plat¬ 
form  assure  alignment  of  the  plat'om  in  the  chim¬ 
ney  end  prevent  sparks  from  friction.  Should  the 
trailer  winch  malfunction,  safety  against  freefall 
of  the  platform  it  assured  by  a  dog-ear  ratchet 
guide  fastened  to  each  wall  of  the  chianey.  A 
probe  under  the  platform  sounds  a  bell  on  the 
trailer  sad  gears  down  the  winch  when  the  platform 
it  within  6  inches  of  the  chianey  floor. 

Once  the  platform  rests  on  the  chimney  floor, 
the  overhead  rail  extensions  in  the  storage-box  are 
swung  out  into  position  across  the  chianey.  This 
allows  the  bridge  crane  to  position  its  cargo  on 
the  platform.  The  platform  loaded,  the  overhead 
rails  are  swung  back  out  of  the  chianey.  The 
trailer  winch  now  raises  the  platform  up  the  chim¬ 
ney  aad  automatically  locks  it  into  position  cn  the 
straddle  trailer.  During  the  lift  operation,  the 
dog-ear  ratchet  operates  in  reverse  to  prevent 
possible  free  fall  of  the  platform  and  its  cargo. 


The  trailer  winch  is  then  operated  to  clone  and 
lock  the  chimney  do->r.  Locked  and  loaded,  the 
atraddle  trailer  la  pulled  away  by  a  vehicle  to  ita 
final  destination 

The  phyalcal  security  of  asssunition  during 
transportation  it  an  ever  increasing  concern.  The 
atraddle  trailer  can  be  easily  outfitted  with  a 
"SAFI POT"  type  armored  shell  to  provide  required 
levels  of  physical  security  for  special  weapons. 
The  araored  shell  would  be  optional  equipaent. 

At  a  transfer  point,  the  platfora  of  the 
atraddle  trailer  is  raised  or  lowered  to  the  deck 
elevation  of  the  other  vehicle,  e.|.,  rail  boxcar, 
or  platfora,  e.g.,  deck  of  pier,  to  facilitate 
transfer  of  the  cargo. 

The  atraddle  trailer  and  vertical  access  to 
storage  are  counter  to  tradition,  i.e.,  hori tones 1 
acceaa  to  aagaxine  and  forklift  trucks  for  cargo 
handling.  But  vertical  passage  of  anaunition  is 
not  new  to  the  Navy  -  all  anaunition  shipa  pass 
cargo  vertically  into  atagazines  located  below  deck. 
Further,  the  atraddle  trailer  is  not  new  -  the 
agriculture  industry  in  California  haa  used  strad¬ 
dle  trailers  for  years  to  retrieve  produce  in  the 
field  and  haul  it  over  the  highw.iy  to  processing 
plants.  Thus,  the  atraddle  trailer  is  a  reliable 
concept  that  has  already  been  debugged.  Given 
deployment  of  the  concept,  the  strr.ddle  trailer 
would  become  as  cosason  and  popular  as  forklift 
trucks  are  today  at  Naval  Ordnance  Activities. 
Transportation  of  all  ammunition  within  the  con¬ 
fines  of  the  Navy  base  would  be  by  a  single  type  of 
equipment  -  the  straddle  trailer. 

The  acquisition  cost  of  the  straddle  trailer 
is  not  cheap  -  but  neither  is  a  forklift  truck, 
The  estimated  cost  of  a  straddle  trailer  it 
$100,000  without  an  armored  shell.  The  cost  of  a 
forklift  truck  is  about  $80,000. 

PERFORMANCE 

Major  performance  goals  are  achieved  with  a 
chimney  magazine.  Physical  security  and  surviva¬ 
bility  of  storage  increase  dramatically.  Encum¬ 
bered  land  area  decreases  dramatically.  Both 
benefits  are  achieved  without  degrading  the  level 
of  explosives  safety  and  without  substantial  in¬ 
creases  in  the  construction  cost.  Achievement  of 
these  goals  stems  from  the  application  of  new  NCEL 
technology  to  the  design  and  predicted  performance 
of  a  chimney  magazine.  Among  the  technologies  are 
criteria  for  the  external  blast  environment  from 
confined  explosions,  the  effects  of  semi-frangible 
covers  on  the  blast  environment  inside  structures 
containing  explosions,  the  effects  of  interns! 
explosions  on  the  dynamic  response  of  soil-covered 
structures,  and  the  delay  time  of  facilities  and 
their  components  to  forced  entry.  Based  on  NCEL 
technology,  the  following  is  a  gross  overview  of 
the  predicted  safety  performance  of  a  chimney 
magazine  from  an  internal  explosion. 

jafety  From  Blast:  Given  an  explosion  of  magnitude 
U( lbs  NEW)  inside  s  chimoey  magazine  having  a  vol¬ 
ume  V(ft*)  with  vertical  chimneys  having  a  total 
vent  area,  A(ft*) ,  the  peak  incident  blast  over¬ 
pressure,  P  (psi),  at  ground  range  R(ft)  from  the 
chimney  is:*0 
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Mote  that  P  at  any  R  depends  on  not  just  W  but 
also  other  parameters  related  to  the  design  of  the 
chimney  magazine,  i.e.  ,  A  and  V. 

Con-ider  the  specific  chimney-magazine  design 
shown  in  Figure  7.  Fir  this  particular  design, 
A  v  360  ft*  and  V  a  97,600  ft*.  Now,  if  the  safe 
inhabited  building  distance,  IBD(ft),  is  defined  to 
be  the  ground  range  R(ft)  where  P  -  1.20  pai 
maximum  for  H  <  100,000  lb  NEW  and  P>0  a  0.90  psi 
maximum  for  V  >  250,000  lb  NEW  (curreif  D0D  safety 
criteria  for  inhabited  buildings)  then  it  follows 
from  Equation  1  that  the  scaled  safe  inhabited 
building  distance  for  the  chimoey  swgazine  is: 

For  V  <  100,000  lb  NEW, 

IBD/V1/3  s  23.8  ft/lb1/3  (2a) 

For  V  >  250,000  lb  NEW, 

IBD/V1/3  =  29.3  it/lb1/3  (2b) 

For  a  standard  aboveground  magazine,  DOD  safety 

criterion  requires: 

For  V  <  100,000  lb  NEW, 

IBD/W1/3  s  AO.O  ft/lb1/3  (3a) 

For  W  >  250,000  lb  NEW, 


IBD/Wl/3  a  50.0  ft/lb'/3  ‘  (3b) 


Comparing  Equations  (2)  and  (3),  I AD  for  this 
particular  chimney  magazine  is  Alt  less  than  IBD 
for  a  conventional  aboveground  magazine,  regardless 
of  W1  More  importantly,  the  encumbered  land  area 
is  reduced  by  65t,  regardless  of  W1  Note  that  the 
encumbered  land  area  could  be  reduced  even  further 
by  reducing  the  chimney  area,  A.  However,  doing  so 
will  increase  the  blast  environment  inside  the  box 
which,  in  turn,  will  increase  the  depth  of  the  toil 
blanket  required  for  adequate  containment  of  explo¬ 
sion  effects.  The  cost-benefit  of  further  reduc¬ 
tions  in  IBD  needs  to  be  studied. 

It  is  important  to  understand  that  the  ver¬ 
tical  chimoey  is  a  key  feature  of  the  chimney 
magazine  concept.  Vertical  venting  of  explosion 
effects  is  necessary  to  achieve  a  large  reduction 
in  the  encumbered  land  area.  Horizontal  access 
tunnels  -  the  alternative  -  would  encumber  more 
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land  area  (and  tbr  construction  coal  would  be 
higher  for  horiaontal  acreai  tunnels  vice  vertical 
access  chianeyt). 

Safety  froa  Debris:  The  safe  distance  fro*  debris 
it  derived  froa  the  principle  of  conservation  of 
energy  and  the  flight  dynanics  of  a  niaaile. 
Referring  to  the  soil  blanbet  in  Figure  7,  the 
scaled  total  i^ulse  of  gas  .nius  shock  pressures 
inside  the  sagaxine  Is  i./W17  (psi-asec/lb1/J). 
The  soil-blanket  thickness  over  the  roof  it  d  (ft). 
The  nass  density  of  the  soil  blanket  it  y^Ob/ft1). 
The  reinforced  concrete  roof  slob  hat  a  thickness 
t  (ft)  and  a  nass  density  y  (lb/ft1).  Froa  the 
pfinciple  of  conservation  of  energy  and  flight 
dynanics  of  a  niaaile,  the  aaxinua  possible  ttrike 
range  of  debris  nistilea  is: 


the  storage  bos.  However,  a  coat-benefit  analysis 
ia  expected  to  show  the  soil-blanket  thickness 
should  be  suck  that  the  naxinua  possible  ttrike 
range  of  debris,  It  ,  never  exceeds  the  safe  inhabi¬ 
ted  building  distance  for  blast. 

<  IU  (S) 

Containing  Equations  (2b),  (4)  and  (5 ) ,  pre- 
liainary  design  criterion  for  soil  blanket  thick¬ 
ness  required  for  safety  against  both  blast  and 
debris  (K'  <  1BD)  it: 

0.1195  (i-/V,/3)  V«'‘  -  y  t 

d  *  - - - —  (4) 

•  t 

*1 


0.334  ;yv1/3)2  v1'3 

<V.  ♦  W* 


Equation  (4)  is  approiiaate  but  conseivative. 
It  neglects  energy  lost  in  breaking  the  aissile 
free  froa  the  rhianey  aagaiine  and  energy  dissi¬ 
pated  by  tuabling  and  air  drag  during  aissile 
flight.  Further,  it  asauaes  that  the  debris 
aissile  ia  launched  froa  the  aagatine  at  the 

critical  launch  angle  producing  the  saxiaua 

possible  strike  range. 

Safety  Froa  Ground  Shock:  The  soil  blanket  in  a 
chianey  magazine  is  thicker  than  in  an  aboveground 
aagatine.  The  added  toil  nass  increases  the  con- 
fineaent  of  an  internal  explosion.  This  increased 
confineaent  increases  the  ground  shock  at  any 

distance  to  a  level  above  that  froa  the  aaae  ex¬ 

plosion  in  an  aboveground  aa.axine.  However, 
inhabited  building,  distance  tnaa  a  chianey  saga- 
tine,  I  BO  3  23.8V 17  J  to  29.3V  ,  exceeds  ainiaue 

safe  distance  requiresants  of  NAVSEA  OP-5  by  a 
factor  of  about  two.  Thus,  ground  shock  it  not 
expected  to  present  unacceptable  risk  of  daaage  to 
inhabited  buildings. 

The  ground  shock  applied  to. an  adjacent  chia¬ 
ney  aagatine  spaced  at  1.5V1'  will  also  he 
greater.  HAVSEA  <tf.-3  requires  a  aininua  separation 
distance  of  1.5V1'  between  underground  storage 
aagatine*  to  prevent  explosive  coaaunicstion  and 
3.5V1'  in  aandstone  (5V1'  in  granite)  to  prevent 
daaage  to  stored  aaaunition.  But  the  difference 
between  the  shock  propagation  characteristics  in 
sandstone  and  toil  should  wore  then  eoapentate  for 
reduction. jn  the  separation  distance  froa  3.SV1' 
to  1.5V1'  for  chianey  aagaxinea  Thus,  ground 
shock  is  not  expected  to  cause  sympathetic  detona¬ 
tion  between  chianey  aagaxinea  or  daaage  to  storage 
in  an  adjacent  aagaxioe.  Should  this  predictioe  be 
incorrect,  the  "whiskey  bottle"  concept  can  easily 
be  deployed  to  dissipate  grcund  shock  energy  to 
aafe  levels. 


Safety  Criteria:  Operational  requireaents  are 
expected  to  dictate  the  value  of  A,  V  and  V  for  the 
chianey  aagatine.  In  this  case,  the  value  of  land, 
cost  of  soil  fill,  cost  of  excavation  and  the 
elevation  of  the  water  table  will  dictate  the  aott 
cost-effective  thickness  of  the  soil  blanket  over 


Solution  of  Equation  (4)  hat  led  HCEl  to  the 
liaitt  of  existing  explosion  effects  technology  - 
large  uncertainties  exist  in  today's  technology  for 
predicting  i-ZV1'  for  the  range  of  paraaetera 
characteristic  of  a  chianey  aagyudne.  Prediction 
error  in  the  coaponent  of  i./V1'  resulting  froa 
internal  gas  pressures  it  believed  to  be  taall. 
But  prediction  error  in  the  scaled  <apulse  result¬ 
ing  shock  preasurea,  the  othe.  coaponent  of 
i_/V  '  ,  is  believed  to  be  large.  The  large  uncer¬ 
tainty  in  the  shock  iapulse  applied  to  the  roof 
slab  steaa  priaarily  froa  lark  of  knowledge  about 
close-in  effects  of  a  large  charge  density 
(V/V  *  3.1  lb  HEV.'ft1)  and  j  thin  pancake-shaped 
charge  (representing  330,000  pounds  HEV  of  boabs  on 
pallets  stacked  two-high  and  uniformly  spared  over 
the  entire  floor  area).  Further,  large  uncertain¬ 
ties  exist  on  the  extent  and  effects  of  the  crater 
on  the  asxiaua  debria  range.  Data  froa  field  tests 
planned  for  FYB4  should  reduce  these  uncertainties. 
For  the  interim,  HCEL  believe*  it  has  bracketed  the 
value  for  a  chianey  aagaiine  where  V  =  100,000  lbs 
HEV,  y  *  150,  t  *  1.25  and  y  =  120.  Baaed  on 
coapute'r  analysis'  extrapolation  of  test  data  and 
engineering  judgment, 

10  <  d§  <  20  ft  (7) 
COST-BENEFIT 

The  cost-benefit  of  a  depot  of  chianey  maga¬ 
zines  depends  upon  the  increase  in  construction 
costs  relative  to  the  value  of  all  benefits  de¬ 
rived.  One  added  cost  is  the  extra  soil  fill 
and/or  excavation  required  for  a  chianey  aagatine. 
One  benefit  is  the  value  of  land  freed  froa  large 
safety  arcs.  A  gross  estimate  of  this  cost-benefit 
snd  description  oth.-r  benefits  follows. 

HCON  Cost:  The  structural  cost  ($/ft*)  for  a 
chianey  asgaxine  it  estinated  to  be  about  the  saae 
aa  for  a  conventional,  box-shaped,  reinforced 
concrete,  niaaile  storage  aagaiine  (aboveground 
aagatine).  The  quantity  of  reinforced  concrete  in 
the  cbinney  aagsxine  is  about  39X  greater  than  in 
an  aboveground  aagaiine  having  the  sane  floor  area. 
This  incresse  steas  priaarily  froa  the  two  chin- 
nays,  the  greater  ceiling  height,  and  a  thicker 
roof  slab  (because  of  the  higher  dead  toad  froa  the 
deeper  toil  cover  -  even  though  the  blast  loads 
froa  as  adjacent  aagaiine  will  be  lets). 
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tut  other  coat  component*  will  be  less.  The 
structural  and  mechanic* I  costa  of  the  doors  in  the 
chianey  astatine  should  be  leas  because  the  total 
area  of  openings  is  less  (two  doors  at  2t  s 
i.5  feet  vice  two  doors  at  2t  a  12  feet  in  an 
aboveground  aagtsint),  the  clear  span  of  the  door 
is  less,  and  the  applied  blast  load  f roe  explosions 
in  adjacent  aagatineo  is  leas.  Further,  the  chia- 
ney  augatine  require*  po  blast  hardened  headwall 
and  doors  to  protect  contents  froa  explosions  in 
adjacent  Magazines,  no  reinforced  concrete  pilas¬ 
ters  to  support  the  door  froa  being  blown-in,  no 
headwall  extensions  to  support  the  toil  bern,  no 
elevated  platfora  forward  of  the  headwall  far 
transferring  csrgo  and  no  complicated  electrical 
trolley  system  to  open  doors.  The  designer  need 
only  be  instructed  to  provide  a  water-tight, 
reinforced-concrete  box  with  two  chianeya  that 
safely  supports  a  prescribed  depth  of  soil 
cover.  Knowledge  of  blast  resistant  design  is 
not  required. 

One  Mature  of  the  cost-benefit  is  the  dif¬ 
ference  between  the  HCOM  costs  of  a  chianey  lu ga¬ 
llon  and  an  aboveground  aagatine,  divided  by  the 
total  acres  of  land  unencumbered  by  use  of  the 
chianey  aagatine.  This  ratio  ($/»cre)  is  the  price 
the  Navy  is  paying  to  unencuaber  land  by  using 
chianey-aagaxines .  This  cost-benefit  ratio  is 
shown  in  Figure  t  as  a  function  of  depot  site, 
depth  of  excavation,  and  thichnesa  of  soil  blanket 
(10  end  20  feet).  The  curves  aasuae  a  depot  with  a 
square  array  of  asgaxines. 


Figure  I  Con  hrnefn  of  chimney  maguinn  relative  to  above  ground  box 
sugnavi. 

Figure  t  auaes  the  aboveground  asgaxines  are 
spaced  at  1.25W  side-to-side  and  6.0W'3  front- 
to-back,  and  are  covered  with  2  feet  of  soil  cover. 
Incumbered  land  includes  the  depot  area  and  all 
land  within  the  confluence  of  50  ft/lb”3  measured 
from  the  akin  of  any  magazine.  .  . 

The  chianey  aagsiinea  are  ipaced  at  1,5V1'3 
aide-to-side  and  from-to-bsek.  The  depth  of  soil 
cover  over  the  chianey  aagasinea  for  the  left 
sod  right  set  of  curves  (figure  g)  is  10  and 
20  feat,  reapactively. 

Ilait  cotta  are  baaed  on  a  survey  of  coat  data 
for  Southern  California,  loth  depots  are  based 
on  the  structure  costing  150  $/ft*  floor  ares, 
fill  i  J/yd*  and  excavation  3  $/yds.  Aboveground 
aagnxinen  ire  assumed  to  require  no  excavation 
tod  Jo  fill  under  tbeir  elevated  floor  and 
loading  platfora. 

The  curvet  illustrate  aajor  savings  would  be 
realised  at  aost  Navy  installations,  based  on  the 


"cost  of  freed  land."  For  example,  a  depot  of 
9  chianey  Mgaxinet  with  10  feet  of  aoil  cover 
(vice  9  aboveground  aagaxineu)  frees  Nsvy  (and  for 
other  utea  at  an  effective  cost  of  between  310  and 
1,350  J/acre,  depending  on  the  depth  of  excavation 
allowed  by  the  water  table.  In  other  terms,  the 
IKON  cost  of  the  aine-aagsxtne  depot  would  Increase 
by  5  to  20%  based  on  in  IKON  cost  of  1503/ft*  for 
an  tboveground  depot.  Actually,  the  effective  cost 
is  auch  less  than  this  because  all  the  benefits  are 
not  included  -  sud  asny  of  these  are  significant. 
In  any  case,  Figure  7  shows  that  the  chianey  aags- 
aine  offers  a  very  cost-effective  tcheae  to 
"purchase"  land. 

Total  Benefit:  Other  benefits  of  s  chianey  aaga- 
xine,  in  addition  to  a  aajor  reduction  in  encua- 
bered  land  area,  are  the  following:  Itajor  increase 
in  level  of  physical  security,  increase  in  surviv¬ 
ability,  reduction  in  plutonium  (for  special  wea¬ 
pons)  that  could  escape  to  atmosphere,  increase  in 
environmental  control,  greater  concealment,  lest 
logistics  burden  (the  haul  distance  it  reduced  41X 
and  one  piece  of  equipment  does  all  the  work), 
standardisation  of  design,  a  solution  for  depots  in 
Europe  (where  691  of  the  floor  area  of  existing 
magaxines  cannot  be  utilized  because  explosives 
safety  arcs  would  encumber  inhabited  buildings), 
and  *  scheme  to  increase  the  buildable  land  arcs  at 
Navy  bates  by  uting  unbuildable  land  at  the  source 
of  fill  for  the  depot.  Regarding  physical  secur¬ 
ity,  a  chimney-magazine  depot  designed  to  store 
300,000  pounds  NKV  per  magaxine  offers  secure 
storage  for  special  weapons.  Given  an  inadvertent 
explosion,  the  chimney  magaxine  offer*  almost  com¬ 
plete  containment  because  of  the  low  NEU  associated 
with  special  weapons.  Given  a  nix  of  conventional 
and  special  weapons  stored  in  a  chianey-aagaxine 
depot,  the  "shell  game"  applies  -  no  one  knows 
which  magazines  (and  which  Navy  Activity)  have  the 
special  weapons.  Further,  the  labor  coat  for 
special  security  forces  is  much  lower. 

FUTURE  WORK 

The  chianey  magazine  is  only  t  concept,  but 
work  is  underway  to  refine  its  cost-benefit  and 
verify  its  predicted  performance,  given  an  explo¬ 
sion  equivalent  to  300,000  lb  NEW  in  iaall-acale 
atructurea.  In  view  of  the  anticipated  resistance 
to  any  changes  froa  the  traditional  concept  for 
aaao  storage,  the  authors  welcome  any  opinions 
regarding  the  utility  of  the  chiaoey-magaxiue 
concept  for  tomorrows'  aaao  depots. 
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ABSTRACT 

The  det i gn  of  Swedish  military  hardened  concrete 
structure*  is  baaed  on  different  manuclt  among 
those  RSFA  publ  Bk  25.  This  publication  givesdesign 
values  for  three  different  classes  of  structures 
A-C  where  e  g  different  degrees  of  deformations 
are  accepted.  The  paper  describes  the  design  proce¬ 
dures,  according  to  the  manual,  with  respect  to 
fragsMnt  penetration. 

BACKCROUNP 

During  the  early  seventies  the  Swedish  manual 
for  the  design  of  concrete  structures  exposed  to 
non-nuclear  weapons  effects  was  revised  by  the 
Royal  Swedish  Fort i f icat ions  Administration  (RSFA). 
The  revision  which  was  outlined  by  Dr  Hlhan  Sund- 
guist.it  that  time  by  the  RSFA,  resulted  in  RSFA 
Publ  nr  25  in  1921.  This  manual  has  been  updated 
in  1977,  /II. 


CLASSES  OF  STRUCTURES 

An  elastic  design  of  structure*  exposed  to  weapons 
effecti  will  often  result  in  conservative  and  u- - 
economical  solutions.  Uhile  some  structures  have 
to  be  intact  after  being  subjected  to  blast  and 
fra*  ■eots  other  might  sustain  different  degrees  of 
damages  wlthour  their  primary  function  of  protec¬ 
tion  being  violated. 

For  this  reason  hardened  structues  are  organised  in 
classes  A.  1  and  C  according  to  111. 

Class  C  is  for  structures  to  give  survival  to 
people  in  it  accepting  damages  to  the  structure 
itself  and  to  installations  in  it.  Spalling  from  V 
frag  ments  is  accepted  on  every  3rd  square  meter  of 
exposed  walls  and  a  small  risk  of  penetration  la 
accepted . 

else  I  structures  assy  have  permanent  deflections 
not  greater  than  31  of  the  span.  Spalling  may  occur 
on  every  10th  square  meter  and  the  rtsk  of  penetra¬ 
tion  is  reduced  compared  to  Class  C  structures. 

Class  A  structures  are  to  fulfill  requirements  for 
Class  B  structures  and  are  also  to  be  secure  for 
gasoverpresxure  after  exposure  to  blast  and  frag¬ 
ments.  This  often  leads  to  an  elaatlc  dealgn. 


The  requirements  for  the  different  classes  of 
structures  are  put  together  in  Table  1. 


CLASS  OF  PERMANENT  RISK  OF  RISK  OF 

STRUCTURE  DEFLECTION  SPALLING  PENETRATION 

(FROM  (FROM  FRAGMENTS  > 

FRAGMENTS) 


A  NO  0.1  m*1 

a  <  IT  OP  0-1 
SPAN 

C  YES  0.3  m‘2 


MINOR 

MINOR 

SMALL 


Table  1 


PENETRATION 


The  manual  is  baaed  cn  the  fragmentation  concept 
given  by  Mott  &  Llnfott  in  /2 /.  According  to  this 
reference  the  number  ec  fragments  with  a  mass 
greater  than  m0  is  given  by 

-  'fmo 

•  <v  - 


where  mc  ft  the  mass  of  the  case  and  K  a  constant 
depending  on  the  geometry  and  the  fragmentation  of 
the  b  xab . 


Thia  &ives  the  fragment  density*  ^  ,  on  «  vail  *t 
a  distance  R  from  the  bomb 

R)  ’  HirF"  '  "  (*«> 

C  a  distributing  factor  to  be  1  vith  a  uniform 
distribution  of  fragments  in  all  directions.  In 
/ l /  C  is  takjn  equal  to  2  giving  credit~to  the 
Increased  density  of  fragments  perpendicular  to 
the  axis  of  the  projectile  for  a  vertical  vail 
and  a  vertical  projectile. 

The  maximum  fragment  mass  for  a  certain  fragment 
density  can  then  be  calculated  with  oombveight 
and  bomb  geometry  given  for  d'fierenr  distances. 
This  is  illustrated  in  Table  2  for  a  500  kg  CP 
bomb. 
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BEST  AVAILABLE  COPY 


I 


EkAOMENT 

DISTANCE 

(a) 

DENSITY 

(,-J> 

5  10 

15 

20 

c 

0.01 

0.89  0.45 

0.52 

0.44 

0  1 

0.51  0.1) 

0.24 

0.19 

0.  1 

0.14  0.22 

0.15 

0.11 

Table  2. 

IlaxlMu*  fragment 

nan  (kg) 

at  different 

di tiancea  frow  a  S00  kg  GP 

bomb  and 

for  different 

fragment 

dent  it  let . 

The  vail 

thlcknett,  d,  hat  been  calculated  accord- 

ing  to  <1 

•  2.710-4  •  vV»V> 

wlirre  * 

ia  the  velocity  i 

of  a  fragnent  at  the  wall. 

Table  )  i 

givea  d  for  Claaa 

>  atructuea  (9  ■  0.1)  for 

different  boeba. 

■OMI 

DISTANCE 

5  n  10  M 

15  M 

20  • 

1000  kg 

0.50 

0.45 

0.40 

500  kg 

0.45  0.40 

0.15 

0.10 

250  kg 

0.40  C.12 

0.10 

0.25 

100  kg 

0.10  0.25 

0.20 

0.20 

Table  1.  Hall  ihlckneae  (•>  (or  Ctaae  ■  atructurea 
with  CP  boabi  at  different  dtatancea. 


•v  thla  art hod  the  nintnua  thtekneae  o?  a  atruc- 
tural  eleaent  can  he  determined.  Additional  re- 
guireiaentt  e  g  fro*  bending  and  ahear  actiona  of 
courae  *ight  Make  greater  tVckneae  necraaarv. 


comclusions 


The  concept  adopted  in  RSPA  pub  I  >k  25  for  c  Uni¬ 
fication  of  atructurea  ha*  proved  to  he  very  uae- 
ful.  The  Method  for  calculating  *ini*ua  thickneaa 
of  concrete  eleManta  with  reapact  to  frag*ent< 
ind  penetration  haa  ahevn  to  ha  a  vereatile  In- 
atruaMnt  for  deaign  engine**. 
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DESIGN  Of  UNDERGROUT  ‘HELTERS 
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ABSTRACT 

Soil -structure  interaction  significantly  af¬ 
fects  the  loads  acting  on  buried  shelters  subjected 
to  nearby  explosions.  Recent  research  has  improved 
our  understanding  of  this  conplex  phenomenon  and 
led  to  a  new  design  method  for  buried  shelters. 

This  method  recogniies  the  coupling  between  dynamic 
response  of  a  burled  structure  and  the  loading  ex¬ 
erted  on  It  by  the  neighboring  soil.  It  Is  simple 
to  use,  inexpensive  and  sufficiently  accurate  for 
most  underground  shelter  desigjy^ 

DYNAMIC  SOIL-STRUCTURE  INTERACTION 

Dynamic  soil -structure  interaction  Involves 
very  complex  wave  mechanics.  Tne  process  Is  a 
coupled  phenomenon,  l.e.,  the  motion  and  deforma¬ 
tion  of  the  structure  depends  on  the  loading  acting 
on  It.  and  the  loading,  In  turn.  Is  affected  by  the 
structural  motion  and  deformation.  This  Is  illus¬ 
trated  In  Fig.  1.  A  burled  slab  Is  Impinged  by  a 
one-dimensional  stress  wave  propagating  In  soil. 
Since  the  soil  Is  asstwed  elastic,  the  free-fleld 
stress  wave  propagates  unattenuated  until  it  en¬ 
counters  the  slab  (dashed  line  in  the  figure).  If 
the  slab  Is  assumed  fixed,  the  pressure  loading  on 


D  .'<1 
t 


(ituitrtM  KHM 

Fig.  1.  Beneficial  effect  of  dynamic  soil- 
structure  interaction  In  reducing 
loading  on  burled  structures,  one- 
dimensional  Illustration. 


the  slab  is  egual  to  the  incident  plus  the  reflec¬ 
ted  soil-stress  waves,  or  twice  the  free-fleld 
stress.  This  Is  the  assumption  used  In  most  preva¬ 
lent  shelter  designs.  In  reality,  the  slab  anves 
as  a  result  of  the  soil  loading,  and  this  leads  to 
significant  reduction  in  the  loading,  as  Fig.  1 
indicates. 

INTERACTION  ALGORITHM 

While  the  beneficial  effect  of  soil-structure 
interaction  Is  well-known.  It  has  not  been  integra¬ 
ted  In  the  structural  design  process  because  of  the 
complex  naturs  of  the  interaction  phenomenon,  and 
the  lack  of  an  efficient  design  procedure  which  In¬ 
cludes  this  effect.  Recent  res.>arch  at  Weldllnger 
Associates  with  the  aid  of  ana'ytical  and  numerical 
methods  indicates  that,  far  Irpulsive  loading  of 
shallow-buried  shelters,  the  interaction  is  govern¬ 
ed  mainly  by  the  velocity  of  the  structure  relative 
to  the  velocity  of  the  free-field  soil  particles. 
The  loading  Is  considered  impulsive  when  the  effec¬ 
tive  duration  of  the  free-fleld  ground  shock  pulse 
Is  comparable  to  the  fundamental  period  of  the 
major  deformation  mode  of  the  structural  element  of 
Interest.  A  shelter  Is  shall ow-bjried  when  the 
depth-of-burlal  ii  of  the  order  of  the  span  of  the 
structural  element  of  interest.  Under  these 
conditions,  the  general  1»d  plane-wave  interaction 
algorithm 

J1nt  *  °ff  +  <*  (¥ff  - 

(o^nt  denotes  the  interaction  loading,  off  the 
free-fleld  stress,  x  the  velocity  of  structure,  Vff 
the  free-fleld  particle  velocity  and  pc  the  soil 
impedance;  provides  a  good  approximation  to  the 
actual  interaction  loading.  This  algorithm  leads 
to  a  new  design  method  for  underground  burled  shel¬ 
ters  which  Is  simple  to  Implement  and  provides  a 
better  and  more  consistent  estimate  of  the  effect 
of  dynamic  soil -structure  interaction  at  little 
additional  expense. 

DERIVATION  OF  DESIGN  PROCEDURE 


Consider  the  design  of  the  roof  slab  of  a 
buried  rectangular  shelter  against  a  top  threat 
(Fig.  2).  Suppose  the  design  Is  pursued  using  the 
beam  equation 


CI3*x 
^Tt2  *  EI'js" 


where  w  is  the  mass  density  per  unit  length,  El  the 
bending  rigidity,  x  the  lateral  deflection  of  the 
beam,  end  is  the  interaction  loading  exerted 
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by  the  toll  on  the  roof.  Substituting  tq.  (1)  for 
Jlnt  9lves 


pc-i!  .  El— 
‘‘is* 


Off  ♦  ocvff 


(3) 


Note  Eq.  (3)  Is  a  bean  equation  simitar  to  Eq-  (2), 
with  a  loading  function  which  depends  only  on  the 
free-field  environment.  Hence,  the  design  proce¬ 
dure  can  be  divided  into  two  uncoupled  parts:  def¬ 
inition  of  the  free-field  environment,  and  the 
design  of  the  bean  subjected  to  ar.  equivalent  (free- 
field)  loading.  The  effect  of  dynamic  soil- 
structure  Interaction  Is  Included  explicitly  In  the 
beaa  aodel  in  the  fora  of  viscous  damping. 


Top  Threat 


fig.  Z.  Buried  shelter  subjected  to  top  and 
side  munition  attacks. 

It  Is  easy  to  generallie  the  above  derivation. 
The  equation  of  action  of  a  shelter  can  be  repre¬ 
sented  as 


l(x>  .  ojnt  (4) 

where  *  is  the  structure  displacement  and  L(-)  the 
differential  operator.  The  use  of  the  simplified 
soil -structure  interaction  algorithm  In  the  equa¬ 
tion  of  action  gives 

L{x)  *  off  ♦  pc  (Vjf  -  x) 


or 


l(x>  ♦  pci  ■  0|f  ♦  pCvff  (5) 

Again,  the  forcing  function  Is  a  function  of  the 
free-field  enviionaent  only.  The  structural  sys¬ 
tem  on  the  lefthand  tide  of  the  equation  Is  the 
orjglnal  system  I  f * >  with  the  added  damping  term 
pcx  to  represent  the  interaction  effects. 

A  new  design  procedure  Is  developed  based  on 
Eq.  (5).  This  Is  Illustrated  In  Fig.  3.  The 
structural  aodel  (numerical  or  otherwise)  Is  modi¬ 
fied  to  Include  the  interaction  damping.  The 
equivalent  free-field  loading  Is  then  applied  to 
the  bare  structure.  Other  than  these  changes,  the 
design  procedure  Is  Identical  to  the  prevalent 
procedure  for  unburled  shelters. 


Fig.  3.  Now  des* on  procedure  with 
simplified  soil -structure 
Interaction  (SSI)  algorithm. 


VERIFICATION 

The  accuracy  of  the  new  deslon  procedure 
depends  on  the  validity  of  Eq.  (1).  Based  on  ex¬ 
tensive  cimparlsons  of  the  design  results  with 
detailed  finite  element  soil-structure  analysis 
results,  the  new  design  method  Is  found  to  yield 
Mod  approximations  under  the  conditions  specified 
for  Eq.  (1),  l.e.,  lapulslve  loadings  and  shallow- 
burled  shelters.  Fig.  4  Is  representative  of  the 
results  obtained.  The  Interactin'',  loadings  on  the 
aldspan  of  the  roof  o'  a  burled  shelter  are  ob¬ 
tained  using  the  direct  coupled  finite  element 
method  and  the  new  <fcvip'.  method  with  «  beam  model 
to  represent  the  rorf.  They  are  compared  In  the 
figure.  The  cmparlron  Is  excellent  despite  the 
fact  that  the  free-field  loading  is  non-planar. 

This  1$  because  the  intensity  of  the  soil  Stress 
decays  rapidly  with  distance  from  the  source  and 
at  midspan  where  the  loading  Is  most  severe,  the 
Interaction  Is  approximately  planar.  This  is  often 
the  case  for  conventional  weapons. 


lw  (•>) 

Fig.  4.  Comparison  of  Interface  stress  at  midspan 
of  an  18  m  roof,  direct  finite  element 
calculation  versus  design  method. 
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The  same  design  procedure  has  been  useJ  for 
inelastic  soil -structure  systems;  the  Impedance 
coefficient,  pc,  is  represented  as  a  function  of 
the  soil  stress  at  the  interface  in  accordance  with 
the  inelastic  stress/strain  relationship  of  the 
soil.  Tensile  interaction  loading  should  also  be 
limited  to  reflect  the  limited  tensile  strength  of 
the  soil-st. ucture  Interface.  The  algorithm  as 
outl ined  has  been  incorporated  in  computer  programs 
cnmnonly  used  in  structural  design,  e.g.,  SAP  and 
STRUDL. 

CONCLUSION 

Soil -structure  interaction  effects  are  prop- 
...'1y  accounted  for  only  by  considering  wave  propa¬ 
gation  in  the  model.  The  cost  and  complexity  of 
an  explicit  wave  analysis  often  deter  a  designer 
from  including  the  beneficial  effect  of  soil- 
structure  interaction  on  the  design.  A  new. design 
procedure  based  on  an  approximate  interaction  al¬ 
gorithm  has  been  developed,  which  greatly  slmpl if ies 
the  supporting  analysis.  It  allows  the  designer  to 
obtain  an  excellent  estimate  of  the  peak  Inter¬ 
action  loads  on  the  structure  with  little  addition¬ 
al  cost  or  labor  compared  to  a  conventional  proce¬ 
dure.  It  is  also  compatible  with  any  reasonable 
strrctura!  model  the  designer  chooses  to  evaluate 
candidate  designs. 
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CAS  PRESSURE  LOADS  PRON  EXP LOS  TONS  WITHIN  VENTED  AND 
UNVENTED  STRUCTURES 
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Southwest  Research  Institute 
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y  ABSTRACT 

'y 

Cas  pressures  from  explosions  within  enclosures, 
as  opposed  to  shock  loads,  can  be  the  dominant  loads 
causing  structural  failure.  This  paper  reviews 
test  results  and  prediction  Methods  for  gas  pres* 
sures  for  aanv  types  of  Internal  explosions  Includ¬ 
ing  high  explosives,  high  explosives  plus  combuitl- 
bles,  gas  aixtures  and  dust  suspensions^ 


INTRODUCTION  AND  BACKGROUND 

For  explosions  In  enclosures  involving  high 
explosives,  solid  propellants,  high  explosive  with 
combustible  materials  In  contact,  or  combustible 
■1st,  dust,  or  gaseous  explosive  aixtures,  the  long- 
duration  gas  pressures  caused  by  confinement  of  the 
products  of  the  explosions  can  be  the  doainant  loads 
causing  structural  failure.  These  quasi-static 
pressures  are  determined  by  the  total  heat  energy 
in  the  explosive  and/or  combustible  source,  the 
volume  of  the  enclosure,  the  vent  area  and  vent 
panel  configuration,  the  mass  per  unit  area  of  vent 
covers,  and  the  Initial  ambient  rondltlons  wlthlr 
the  enclosure. 


structures  with  open  vents,  2)  high  explosive  plus 
combustible  explosions  in  closed  structures,  and 
3)  gas  and  dust  explosions  in  closed  and  vented 
structures.  The  predictions  wlil  be  based  on  graphs 
and/or  numeric  fits  to  scaled  parameters  from  appro¬ 
priate  similitude  analyses. 

CAS  PRESSURES  FOR  INTERNAL  HT  EXPLOSIONS 

The  loading  from  an  explosive  charge  detonated 
within  a  structure  consists  of  two  phases.  The 
inltlel  phase  consists  of  several  high  amplitude, 
short  duration,  reflected  pressure  shocks.  This 
phase  of  the  loading  Is  very  geometry  dependent, 
with  the  highest  loads  generally  occurring  on  the 
surfaces  nearest  the  charge.  On  each  reflection, 
the  shock  strength  Is  attenuated  until  at  some  point 
the  Internal  pressure  has  settled  to  a  slowly  decay¬ 
ing  level.  This  Is  the  quaal-statlc  pressure  load¬ 
ing  phase.  This  phase  Is  characterized  bv  essen¬ 
tially  uniform  pressures  throughout  the  structure 
at  any  point  In  time.  The  rate  of  quasl-statlc 
pressure  decay  Is  a  function  of  the  vent  area, 
structure  volume  and  the  nature  of  the  explosive 
nourro. 


Previous  analytic  work,  similitude  analysis, 
and  numerous  experiments  have  addressed  several  as¬ 
pects  of  this  problem  and  provided  a  good  data  base 
for  more  general  predictions.  Ref.  1  collates  much 
of  this  Information  for  gas  pressure  parameters  for 
bare  high  explosive  detonations  In  enclosures  with 
open  vents,  while  Ref.  2  Includes  analytic  predic¬ 
tions  of  these  parameters  for  similar  explosions 
with  covered  vents  with  vsrlous  masses  per  unit 
area.  Maximum  pressures  for  gas  and  dust  costbustl- 
ble  mixtures  Initiated  in  unvested  and  vented 
enclosures  are  reported  In  Ref.  3  and  4.  Most  re¬ 
cently.  t>«t  dsts  for  ga«  pressures  Ir.  a  scaled 
structure  froa  high  exploelvee  surrounded  by  com¬ 
bustible  liquids  and  solids  are  reported  In  Ref.  5. 

Testa  of  solid  propellants  burned  In  vanted 
structures  are  reported  In  Raf.  6  and  7.  Ref.  i 
elso  Includes  derivation  of  a  scale  modeling  law 
for  pressures  for  this  situation.  Scale  modeling 
of  duel  and  ten  explosions  In  enclosure!  Is  lnhsrent 
in  work  In  I..f.  3,  while  a  mors  thorough  lew  for 
vented  dust  explosions  appsara  In  Ref.  8. 

In  this  paper,  the  authors  will  review  the 
literature  and  present  methods  for  predicting  inter¬ 
nal  gas  pressure  losdt  under  the  following  condi¬ 
tions:  1)  bare  high  expletive  detonation*  in 


A  typical  pressure  trace  obtained  during  an 
Internal  exploelon  In  e  vented  structure  Is  shown 
In  Figure  1.  Traditionally  (Ref.  9),  the  peek 
quasl-statlc  pressure  Is  established  by  fitting  a 
smooth  line  through  the  dsts  beginning  at  the  end 
of  the  pressure  trace  ard  extending  back  towards 
time  xcro,  the  tlae  of  charge  ignition.  This  line 
Is  shown  In  Figure  1  as  e  solid  line.  The  peak  F„s 
Is  then  taken  at  the  intersection  of  the  fitted  line 
and  a  vertical  line  ai.  time  aero  (shown  at  a  dotted 
line  In  the  figure).  This  point  le  labeled  A  in 
Figure  1.  For  a  vented  structure,  a  sore  appropriate 
technique  has  been  suggested  (Ref.  1,  3).  This 
■echo'd  fs  applied  by  drawing  t  reap  lrcreste  In 
pressure  extending  from  time  zero,  whicn  follows 
the  base  of  the  pressure  shocks.  This  ’in*  Is 
shown  as  a  dashed  line  In  Figure  1.  The  intersec¬ 
tion  of  the  ra^>  pressure  Increase  with  the  line  . 
fitted  through  the  pressure  decay  Is  the  peek 
qutel-statlc  preseure.  This  point  Is  labeled  B  le 
the  figure.  For  explosion*  Inside  eealed  enclosures, 
points  A  and  B  will  have  nearly  the  same  ordinates, 
whereas  for  explosion*  with  Increasing  vent  areae, 
the  difference  in  ordinates  between  point*  A  and  B 
Increases. 

in  Kef.  1,  a  very  complete  analysis  of  gas 
pressures  froa  Internal  explosion  data  was  present¬ 
ed.  The  author*  performed  a  similitude  analysis  to 
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Figure  1.  Typical  Pressure  Record  from  an 

Internal  Explosion  In  a  Vented  Structure 

determine  the  functional  fora  of  the  quasl-statlc 
pressure,  as  a  function  of  the  physical  parameters 
pertaining  to  the  problem  of  an  Internal  explosion 
Inside  a  vented  structure.  Based  on  this  analysis, 
the  following  equation  was  derived: 

Peak  Quaal-Static  Pressure: 

log  P  -  0.10759  +  0.51815  log  (W/V)  - 

yo 

0.150534  (log  (W/V)]2  +  0.31892  (log  (W/V)]3  + 

4  5  (1) 

0.10434  [log  (W/V)]*  -  0.14138  [log  (W/V)]3  + 

-0.019206  [log  (W/V)]6  +  0.021486  [log  (W/V)]7 

Equation  (1)  was  the  result  of  curve  fits  to 
177  experiments.  Figure  2  presents  the  curve  fit 
together  with  the  measured  data.  One  approximation 
uss  made  in  the  analysis  of  the  test  data.  The 
explosive  energy  contained  in  ary  high  explosive  is 
directly  proportional  to  the  explosive  mass.  As  it 
turns  out,  the  charge  energy-to-explosive  mass  ratio 
fer  most  explosives  is  nearly  the  same.  For  con¬ 
venience,  the  analysis  performed  In  Ref.  1  utilized 
the  charge  mass,  rather  than  the  charge  energy. 

Based  on  the  results  of  the  analysis  of  the 
internal  explosion  data,  the  authors  of  Ref.  1 
found  that  the  peak  quasi-static  pressure  was  Inde¬ 
pendent  of  the  vent  area,  but  dependent  on  the 
charge  welght-to-atructure  volume  ratio, 

GAS  PRESSURES  FOR  HE  PLUS  COMBUSTIBLES 

Recently  (Ref.  5),  a  series  of  experiments  was 
conducted  in  which  various  combustible  materials 
were  placed  In  varying  degrees  of  contact  with  high 
explosive  charges.  The  object  of  the  tests  was  to 
determine  whether  the  combustible  materials  could 
contribute  to  the  quasl-statlc  pressure  development 
within  a  sealed  enclosure.  The  combustible  materi¬ 
als  Investigated  in  this  effort  are  listed  in 
Table  1.  In  every  case,  the  high  explosive  was 
O.S92  lb  of  PBX-9404.  All  of  these  experiments 
were  conducted  In  the  same  enclosure,  ao  the  only 
parameter  not  held  constant  was  the  combustible 
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Figure  2.  Peak  Quasi-Static  Pressure  as  a 
Function  of  the  Charge  Weight  to  Enclosure  Volume 


Table  1.  Combustible  Materials  and 
Configurations  Tested* 

Series 

Material 

Configuration 

1 

Polycarbonate 

A  67.6  gm  polycarbonate 
diak  was  attached  to  the 
end  of  a  cylindrical 
(l/d-1)  charge. 

2 

Polycarbonate 
and  Aluslnun 

A  135  gm  aluminum  casing 
surrounding  the  aide  of  a 
cylindrical  charge.  A 
polycarbonate  disk  covered 
one  end  of  the  charge. 

3 

50/50  Mix  of 
and  Acetone 

DMF  A  spherical  charge  was  sub¬ 
merged  In  5  oz  of  the  fluid. 

4 

Polycarbonate 

Two  polycarbonate  hemi¬ 
spheres  were  attached  to 
opposite  poles  of  the 
charge.  The  total  poly¬ 
carbonate  weight  was  48.25 
g». 

5 

50/50  Mix  of 
and  Acetone 

DMF  Five  1  or  containers  of 
the  fluid  were  equally 
spaced  on  a  circle  36  in. 

In  diameter  around  the 
charge . 

6 

Low  density 
polyethylene 

Polyethylene  beads  suspend¬ 
ed  In  an  epoxy  base,  and 
formed  Into  a  four-sided 
box,  centered  on  the  charge 
The  wel  ’U  of  the  box  was 

273  gm. 

‘The  explosive  vas  0,992  lb  of  PBX-9404.  Test 

Series  1  and  2  utilized  cylindrical  charges,  while 
the  remaining  tests  utilize u  spherical  charges. 

The  charge  location  was  the  same  in  all  experi¬ 
ments. 

configuration.  Note  that  the  PqS  for  a  bare  0.992 
lb  PBX-9404  charge  is  48.7  psi.  In  every  case,  the 
addition  of  combustible  materials  in  near  contact 
with  the  HE  charge  Increased  the  quasl-statlc  pres¬ 
sure,  in  some  cases  dramatically. 
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The  degree  of  quaal-atatlc  pressure  enhancement 
produced  by  a  combustible  is  related  to  tbe  heat 
energy  content  of  the  material.  This  is  shown  in 
Figure  J  where  the  excess  Pq„  (the  Pq,  produced  by 
the  combustible  plus  the  HE,  less  the  Pq9  produced 
by  the  HE  alone.)  is  plotted  as  a  function  of  the 
combustible  energy  content.  The  combustible  energy 
content  is  defined  as  the  suss  of  combustible  times 
the  appropriate  heat  of  combustion  from  Table  2. 

As  seen  in  Figure  3,  the  enhancement  in  the  quasl- 
atatlc  »>•  ssure  increases  uniformly  with  increasing 
combust  ibis  energy,  as  long  as  the  combustible  la 
in  Intimate  contact  with  the  charge.  The  only  point 
not  following  the  general  trend  of  the  data  corres¬ 
ponds  to  the  series  of  tests  in  which  the  combusti¬ 
ble  fluid  was  dispersed  a  large  distance  from  the 
charge . 

The  phenomenon  of  quasi-static  pressure  en¬ 
hancement  produced  when  combustible  materials  are 
placed  near  HE  sources  har  only  been  recently  dis¬ 
covered.  The  effect  has  been  observed  for  a  varie¬ 
ty  of  combustible  materials,  but  no  variations  in 
charge  to  combustible  mass,  charge  type,  structure 
volume,  or  degree  of  venting  have  been  tested.  The 
implications  of  the  date  accumulated  an  far  are 
that  quasi-static  loading  calculations  should  in¬ 
clude  estimates  of  contributions  from  the  burning 
of  combustible  materials  whenever  such  materials 
are  expected  to  be  in  Intimate  contact  with  HE 
sources. 


Figure  3.  Excess  Ouast-Static  Praaaure  (psi) 

GAS  AND  DUST  EXPLOSIONS  IN  CLOSED  AND 
VENTED  CHAMBERS 

Many  r.  .dental  explosions  occurring  in  indus¬ 
try  involve  the  ignition  within  enclosures  of  com¬ 
bustible  mixtures  of  gases  with  air,  nr  suspensions 
of  combustible  dusts  in  air.  Such  mixtures  ignited 
in  the  open  do  not  cause  blact  vnves  or  significant 
pressure  waves,  but  Instead  generate  only  transient 
fireballs  as  flame  fronts  progress  at  rather  low 
rates  (meters  per  second)  through  the  combustible 
mixtures. 


But,  when  the  combustible  mixtures  are  ignited 
inside  a  staled  or  vented  enclosure,  the  confinement 
provided  by  the  enclosure  can  allow  significant 
preaaure  rises  which  can  disrupt  th«.  structure.  A 
typical  pressure  history  for  such  an  explosion 
within  an  unvented  enclosure  la  shown  in  Figure  A. 

The  maximum  rate  of  preaaure  rise  j|t,  and  the 

maximum  preaaure  PB  arc  determined  by  the  reactivity 
of  tha  particular  material,  the  fuel-air  ratio,  the 
amount  of  material,  and  the  volume  of  the  enclosure. 
When  the  enclosure  has  a  vent  area,  covered  by  a 
vant  dtslgnad  to  open  at  preaaure  Pu,  the  preature- 
tiw  history  is  modified  aa  shown  in  Figure  5.  The 
amplitudes  and  times  of  the  maxima  Fj  and  P2  are 
functions  of  the  gas  flow  dynamic*  through  the  vent, 
end  either  Pj  or  P2  may  be  the  maximum  pressure. 

Table  2.  Heat  of  Combustion  for  the  Various 
Combustible  Test  Materials 


Material 

Heat  of  Combustlc 

PBX-9404 

2369 

Polycarbonate 

7223 

Acetone 

7363 

DHF 

62S9 

Polyethylene 

9400 

Aluminum 

7400 

?<»> 

Figure  4.  Schematic  Overpressure-Time  History  in 
Confined  Gat  or  Dust  Explosions  (Ref.  ID) 


Figure  5.  A  Representation  of  a  Freasure-Tlme 
History  of  an  Unvented  (Curve  A)  and  Vented 
(Curve  B)  Deflagratlve  Explosion  (Ref.  13) 

The  volialnous  data  and  analyses  in  the  liter¬ 
ature  (sec  Ref.  10)  on  the  characteristics  of  these 
pressure  histories  can  be  condensed  and  presented 
in  compact  form  based  on  similitude  analyses 
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(Kef.  6  end  7).  Bradley  and  Mlcheson  (Kef.  11  and  12) 
present  scaled  upper  Unit  curves  for  gas  explosions 
In  vented  vessels.  These  are  reproduced  here  as 
Figures  f>  and  7.  In  these  figures,  the  dlnenslon- 
less  terns  are 


A  - 


AK. 
_ d 

A 

s 


o 


P  fe¬ 
rn 


(2) 


where  A  Is  vent  area,  As  Internal  surface  area, 

K<j  discharge  coefficient  (  =  0,6) ,  C  la  gas  velocity 
ahead  of  a  flame  front,  a0  Is  ancient  sound  speed, 
Pm  is  maximum  pressure  and  p0  Is  anblent  pressure. 


Figure  t.  Safe  Recomendatlons  for  Uncovered 
Vent  Areas  Gaseous  Explosions  (Ref.  12) 

For  dust  exploalo^,  maximum  pressures  are 
also  a  function  of  the  dust  reactivity,  and  a 
scaled  vent  area.  Figure  8  shows  scaled  plots  of 
P„  for  dusts  of  Increasing  reactivity,  ST1  through 
ST3,  Here  A  Is  defined  somewhat  differently,  as 

Av  -  (A/V2  ,  (3) 

where  Vis  volume  of  the  enclosure. 


Figure  7.  Safe  Recoanendations  for  Covered 
Vent  Areas,  Caseous  Explosions  (Kef.  12) 


In  either  gas  or  dust  explosions  of  this 
nature,  the  dimensionless  maximum  pressure  rate  for 
a  given  combustible  mixture  is 

T  '  1/3 

P  -  (P  r'J/aopo)  .  W 

This  scaling  is  consistent  with  Bartknecht's "cube- 
root  law.”  (Ref.  3) 


A  -  (A/V2/3) 

Figure  8.  Scaled  Maximum  Pressures  for  Dust 
Explosions  Versus  Scaled  Vent  Area 
Katie  (Ref.  10) 

It  Is  also  rles-r  from  Ref.  11  and  \2  that  the  mexl- 
mum  pressures  attainable  within  enclosures  for 
gaseous  explosions  are  remarkably  constant  for  all 
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combust tbl*  gases,  varying  from  «bout  8  atmospheres 
for  natural  gas  to  ontv  10.25  atmospheres  for 
acetylene. 

CLOSURE 

Even  though  the  material  on  gas  pressures  for 
explosions  within  enclosures  which  Is  sunarlzed 
In  this  paper  shows  an  extensive  experimental  and 
analysis  base,  there  are  still  a  number  of  sig¬ 
nificant  data  gaps  which  limit  our  ability  to 
predict  these  pressures.  These  Include  at  least: 

o  Lack  of  data  on  pressures  generated  by 
HE-coabustible  combinations 

o  Lack  of  data  and  validated  analytic 
methods  for  effects  of  vent  cover 
parameters  for  HE  explosions 

o  Lack  of  data  for  mixtures  of  combustible 
gases  and  dusts 

o  Lack  of  data  for  dust  explosions  In  real 
configurations,  such  as  gtftliv. elevator 
gallenca. 

o  lack  of  data  for  effects  of  vent  cover 
parameters  for  gas  and  dust  explosions. 

Not  all  of  these  gaps  are  lsgiartant  to  weapons 
effects  analysts,  but  all  are  quite  important  in 
the  explosives  safety  community. 
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'Be jms  e>:u  one-way  slabs  subjected  to  impulsive 
loading  ire  analyzed  with  aid  of  a  numerical  model , 
which  is  kept  as  simple  as  possible ,  and  which  is 
sufficient  powerful  to  simulate  real  beam  response. 
Therefor  the  beam  is  schematized  as  a  system  of 
rigid  sections  and  elasto-plastia  hinges  which  can 
account  for  hysteresis.  The  equations  which  hold 
for  this  discrete  model  are  presented.  They  are 
solved  by  use  f  the  systems  dynamics  language 
Dynamo. 

In  case  of  the  application  of  an  irnimlsive  loading 
to  a  simply  supported  beam  a  very  typical  pattern 
of  'travelling'  plastic  hinges  may  occur,  different 
to  what  is  known  from  static  loads. 

In  case  of  the  application  cf  an  ajeplosive  load  to 
a  beam  with  cUvqted  ends,  the  similarity  with 
static  results  is  much  greater.  In  the  exam/>le 
of  the  flat  roof  of  a  traffic  tunnel  however,  the 
shear  failure  criterion  is  extremely  dominant, 
yielding  strongly  reduced  allowable  peak  values 
of  the  explosive  ioads.__ 

PROBLEM  STATEMENT 

Increasingly  more  we  need  to  examine  the  strength 
of  rc-structures  in  case  of  dynamic  loading.  The 
load  can  be  a  local  impact  or  more  general  some 
kind  of  distributed  impulsive  loading.  This  paper 
reports  on  a  study  which  has  been  originated  by 
questions  whether  or  not  to  transport  explosive 
liquified  gasses  through  traffic  tunnels  of  rec¬ 
tangular  cross-section.  Especially  the  roof  slab 
of  the  tunnel  is  studied,  and  for  this  purpose 
a  strip  of  1  m  width  has  been  examined.  So  the 
study  regards  a  beam  type  structure,  and  in  fact 
the  results  have  been  more  general  purpose  than 
strictly  spoken  was  needed  for  traffic  tunnels. 

The  understanding  of  the  structural  behaviour  of 
rc-structures  is  Increasing  rapidly.  Research 
of  last  ten  years  has  yielded  a  fastly  growing 
number  of  tools  to  analyse  total  structures  or 
members.  At  least  as  far  as  static  loading  is 
concerned  which  increases  wonotonically.  Progress 
is  also  being  made  for  repeated  static  loading  and 
cycling  static  loading,  in  which  the  problem  of 
stress  reversal  has  to  be  dealt  with.  A  less 
covered  area  is  the  dynamic,  response  of  rc-struc¬ 
tures.  In  this  case  all  mentioned  aspects  of  static 
loading  play  their  role,  but  above  that  the 
equations  of  motions  have  to  be  integrated  in  the 


time  domain.  Authors  feel  that  the  present-day 
finite  element  programs  have  proven  to  be  power¬ 
ful  in  the  field  of  nonlinear  static  analysis  of 
elastic  structures,  and  even  for  the  nonlinear 
dynamic  analysis  of  metal  structures.  Experience 
and  expertise  for  the  nonlinear  dynamic  analysis 
of  rc-structures  is  still  poor  however.  A  number 
of  problems  arise  simultaneously  in  that  case,  for 
instance  the  correct  choise  of  failure  criteria,  a 
satisfactory  formulation  of  the  softening  problem 
after  cracking,  and  particularly  the  problem  of 
numerically  stable  processes  for  the  integration 
in  time  of  the  equations  of  motion  in  case  of 
such  specific  nonlinear  phenomena.  Therefore  the 
nowaday  finite  element  programs  may  give  rise  to 
problems  which  are  connected  with  the  mathemati¬ 
cal  algorithms,  rather  than  relevant  for  the 
structural  problem  which  is  being  studied. 

Authors  expect  much  futural  improvement  in  this 
field,  but  for  the  time  being  a  well-proven 
approach  is  preferred  which  yields  inniediately 
insight  in  the  structural  respons,  whithout 
being  troubled  to  much  with  nuterical  problems. 

The  adopted  simple  beam  model  is  used  to  gain 
improved  understanding  of  elasto-plastic  flexural 
structural  response  in  the  case  of  a  beam  subjec¬ 
ted  to  impulsive  distributed  loading.  Two  special 
cases  are  discussed  in  some  detail.  The  first  one 
is  the  response  of  a  simply  supported  beam,  and 
the  second  one  is  the  behaviour  of  a  clamped  beam. 
The  simply  supported  beam  is  of  interest  to  explain 
experimental  results.  In  experiments  it  has  been 
found  that  beams  which  have  been  subjected  to 
distributed  load  of  short  duration  may  not  get 
plastic  hinges  or  fail  in  the  mid  of  the  span,  but 
at  positions  more  close  to  the  supports. 

The  clamped  beam  more  or  less  reflects  the  situa¬ 
tion  of  a  strip  which  can  be  taken  from  a  roof  slab 
in  a  traffic  tunnel,  Now  questions  arise  which  re¬ 
inforcement  is  optimal,  and  which  capacity  a  beam 
has  for  severe  combinations  of  dynamic  moments  and 
shear  forces. 

DESCRIPTION  OF  THE  BEAM  MODEL 

To  achieve  the  simple  bean  model  which  has  been 
aimed  at,  two  decisions  were  made.  The  first  one 
regards  the  mechanical  modelling  of  the  beam.  We 
used  the  well-known  discrete  model  in  which  a  con¬ 
tinuous  beam  in  bending  is  replaced  by  a  set  of 
rigid  sections  and  flexible  rotational  hinges  at 
the  nodes  where  sections  join  together,  fig.  I. 

The  mass  of  the  sections  is  lumped  at  the  nodes, 
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and  likewise  the  time- dependent  distributed  load  on 
the  sections.  The  length  of  the  sections  Is  y.  The 
flexible  hinges  am  modelled  as  elasto-plastic 
springs. 

iLLL  *  I  * .  L 


f I  Example  of  j  durqted  continuous  be.m  in  bin¬ 
ding  whisk  has  been  modelled  by  a  system  of 
rigid  sections  and  flexible  springe. 

The  second  decision  regards  tha  Integration  of  the 
equations  of  motion.  In  stead  of  or.ee  <aore  writing 
a  specific  computer  code,  we  profited  by  the  avail¬ 
able  systems  dynamics  package  Dynamo.  This  language 
facilitates  the  stepwise  Integration  in  tine  of  any 
set  of  first-order  linear  or  nonlinear  differential 
equations.  Though  Dynamo  has  been  developed  at  NIT 
for  soclo-econoalcal  time*dependent  problems,  It 
proved  to  be  possible  to  use  It  in  the  engineering 
field  as  well.  Be  it,  that  structural  plastic  irre- 
versal  deformation  had  to  be  interpreted  as  some 
type  of  an  economical  delay.' 

The  two  decisions,  to  use  the  discrete  bean  model 
and  to  nuke  use  of  Oynamo,  arc  in  fact  just  one  de¬ 
cision.  Due  to  the  discrete  model  we  are  able  to 
use  Dynamo,  becauce  of  the  fact  that  this  model 
description  can  yield  first-order  differential 
equations  in  a  simple  way. 
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Fig. 2  Elasto-plastic  characteristics  of  the 

flexible  srf'ngr. 

We  have  to  become  more  precise  on  the  characteris¬ 
tics  of  the  flexible  springs  in  the  discrete  model. 
We  will  discuss  the  situation  of  a  prismatic  bean 
in  which  different  percentages  of  top-  and  bottom- 
reinforcemesl  can  be  used.  First  of  all,  it  is  im¬ 
portant  to  describe  hysteresis  in  an  appropriate 
way,  beca.se  of  its  strong  damping  action.  In  lit¬ 
erature  a  v-/  diagram  is  used  as  is  shown  in  the 
mid  part  of  figure  2.  This  diagram  is  derived  from 
the  relation  between  the  moment  N  and  the  curva¬ 
ture  k,  for  in  fact  0  is  equal  yt  ,  and  the  diagran 
holds  for  situations  as  occur  with  earthquakes 
during  which  cycling  of  the  loads  may  lest  a  number 
of  seconds.  In  our  case  of  a  puls  load  or  explosive 
loading  one  may  expect  that  we  do  not  run  through 
the  diagram  a  couple  of  times,  but  just  one  time 
due  to  strong  plestic  demping.  After  thet  the 
viuration  will  vanish  elastically.  This  made  us  de¬ 
cide  to  use  the  more  schematized  h-J  diagram  which 
is  shown  in  the  right-hand  part  of  figure  2. 

The  stiffness  c  of  the  elastic  branch  is  easily 
derived  from  the  bending  stiffness  El  which  holds 
for  a  rc-beam.  We  consider  a  part  of  the  beam  of 
length  y  and  require  that  the  discrete  model  yieVis 


an  equal  angle  0  is  will  occur  In  the  reel  contin¬ 
uous  beam  when  the  same  moment  .V  is  applied.  From 
this  we  derive  V-fd  in  which  C-El/y. 

The  horizontal  plateaus  in  the  H-0  diagram  are  de¬ 
termined  by  the  plastic  bending  moment  which  fol¬ 
lows  from  the  applied  percentage  of  reinforcement. 
Also  the  ultimate  value  of  0  mid  the  inelastic  ro¬ 
tation  capacity  must  be  determined. 

e  P  p  r 

.  load  i  load  |  load 
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Fig. j  Each  node  of  the  discrete  model  can  be  con¬ 
sidered  as  a  mass-spring-eyetem. 

Each  node  of  the  discrete  model  can  be  considered 
as  a  mass-spring-system  (fig. 3).  Three  forces  act 
on  each  node:  which  is  tne  external  loading 

consisting  of  a  static  pert  end  e  dynamic 
pert  l'dun.Fis  due  to  the  inert’!  of  the  mess,  and 
which  is  the  difference  of  the  shear  forces 
onF both  sides  of  a  node.  We  introduce  a  for  the 
acceleration  of  a  node,  v  for  the  velocity  of  a 
node,  u  for  the  displacement  of  a  node  and  m  for 
the  lumped  mass.  The  integration  process  is  as 
follows.  Starting  from  knoMi  values  wit),  fit)  and 
ait)  at  the  beginning  of  e  time  step  at,  we  calcu¬ 
late  for  each  node  using  Euler's  method  the  values 
wit*bt)  and  vit*ot)  at  the  end  of  the  time  step  by 

■j(t*M>=u(t'  *  Et.'Jit)  ft\>(t*Et)=vit)*Et.a(t)  (1) 

From  the  new  values  u  wc  succerively  calculate  tor 
each  node, j  .  . 

0}:(-wUtwd-J<)/y  *  .¥*=<*>  (2) 

CfxOP-Wi/y  A  Q-t-M-ttl/y  (3) 

^spring*-'  W 

Herewith  a  new  value  ai  t+Et)  is  calculated  for  eacn 
node:  altett (5) 


node:  alt*Et)=IFj^  -  FKring>/n  (5) 

which  facilitates  to  use  (I)  igain  for  the 
next  time  step.  The  scheme  has  to  be  adapted  si igth- 
ly  for  a  node  at  a  clamped  edge;  equation  (2)  his 
e  modified  form  in  thet  case.  The  scheme  implies 
that  we  have  known  values  at  t-o  for  the  quanti¬ 
ties  w,i>  and  a,  which  are  derived  from  the  boun¬ 
dary  conditions  at  that  time.  If  the  bending  mo¬ 
ment  H>  from  (2)  exceeds  the  value  of  the  plastic 
momont,  this  value  is  taken.  Also  specific  atten¬ 
tion  is  given  to  unloading  processes  and  the  re¬ 
lated  hysteresis,  which  will  not  be  discussed  here. 

ULTIMATE  STRENGTH  AND  ROTATION  CAPACITY 

The  cherecteristits  of  the  H-0  as  were  adopted  in 
figure  2  presuppose  that  the  beam  has  been  desigwi 
in  such  a  way  that  no  failure  in  shear  occurs  be¬ 
fore  the  plastic  moment  has  been  reached.  It  has 
also  been  adopted  that  the  rotation  capacity  is 
not  influenced  by  the  presence  of  e  sheer  force. 


In  genera’  this  is  true  because  of  the  applied  stir¬ 
rup  reinforcement  in  beams. 

However,  another  situation  applies  for  slabs,  be¬ 
cause  of  the  absence  of  stirrups.  So  the  strip  which 
can  be  selected  from  a  tunnel  roof  -though  being 
treated  as  a  beam-  may  behave  in  another  way.  In 
that  case  a  cross-section  can  fail  for  combinations 
of  a  bending  moment  and  a  shear  force  In  which  the 
bending  moment  Is  smaller  than  the  plastic  moment. 
Brittle  failure  will  be  the  case  then.  Or,  in  case 
that  the  plastic  moment  can  be  reached,  the  rota¬ 
tion  capacity  may  be  reduced.  So,  limitations  on 
strength  and  deformation! 

As  for  the  strength,  shear  failure  strongly  depends 
on  the  relation  of  M  and  Qh,  in  which  h  Is  the  ef¬ 
fective  depth  of  the  beam.  For  different  values  of 
N/Qh  different  failure  mechanisms  will  occur,  each 
with  its  particular  strength.  In  case  of  static 
loads  one  normally  differentiates  in  the  following 
modes: 

-a  shear  crack  grows  from  an  existing  bending  crack 
(flexural  shear  failure); 

-a  diagonal  crack  in  the  web  occurs  due  to  tension 
stresses  (tension  shear  failure). 

Me  need  not  consider  cases  with  diagonal  crushing 
vdiich  only  might  occur  when  stirrups  are  applied. 
Neither  we  need  view  the  case  of  failure  iij  the 
anchoring  zone  of  the  main  reinforcement. 


For  static  loads  Rafla  has  proposed  an  appropriate 
formula  to  estimate  the  flexural  shear  strength 
of  a  beam.  He  derived  the  formula  in  a  statistical 
way  from  a  large  number  of  tests.  He  adapted  the 
5*  lower  boundary  of  all  results  for  application 
in  dynamically  loaded  structures,  yielding 
-A  A  i  ....  2 


\,dyn  =  adyn  h  *  Wm  > 


(6) 


Herein  tu  j  is  tne  nominal  snear  stress  wmcn 
has  to  be* multiplied  by  the  effective  depth  and  the 
width  of  the  slab  strip  to  find  the  shear  force, 
fee  is  the  cube  crushing  strength,  u  is  the  per¬ 
centage  of  reinforcement,  and  h  is  the  effective 
depth  of  the  slab  strip.  The  value  a,  depends  on 
the  relation  of  V  and  Qh:  ’ 


=  0-^-0-02  H'Qh  (7) 

The  Other  failure  criterion  for  tension  shear  more 
likely  will  occur  for  values  of  the  bending  moment 
which  are  smaller  than  the  flexural  cracking  moeent 
at  which  bending  cracks  come  into  being.  For  such 
small  moments  (thus  small  values  of  H/Qh)  no  flex¬ 
ural  shear  failure  mechanism  can  develop.  The  ten¬ 
sion  shear  failure  will  occur  if  the  principle 
tension  stresses  in  the  mid-plane  of  the  strip  ex¬ 
ceed  the  dynamic  tensile  strength  fot  dvn.  There¬ 
fore,  a  good  approximation  of  r  at  tension  shear 
failure  reads  u 


Vim.:  O.e?fot  djin  (8) 

The  dtttrmination  of  the  flexural  cracking  moment 
can  not  be  done  very  accurate  however,  because  we 
use  average  dynamic  properties  of  the  concrete. 
Therefore  we  preferred  to  make  the  transition  de¬ 
pendent  on  the  value  of  H/Qh.  Rather  arbitrarily 
we  decided  to  use  the  tension  shear  failure  cri¬ 
terion  for  values  H/Qh<0,?s  and  the  flexural  shear 
failure  criterion  for  values  of  H/Qh>l.7S.  In  be¬ 
tween  of  these  values  a  gradual  transition  has 
been  proposed  from  the  ono  failure  criterion  to 
the  other. 


Figure  ♦  shows  the  result  of  this  decision  for  a 
specific  slab  strip. 


Fig.  4  The  failure  envelope  for  the  shear  strength 
in  case  of  a  particular  concrete  quality , 
percentage  of  reinforcement,  and  depth  of 
the  slab. 

Me  now  concentrate  on  the  deformation  capacity.  In 
the  case  that  no  stirrups  are  applied,  the  shear 
force  must  be  partly  transferred  by  the  compression 
zone  of  a  cross-section.  When  a  plastic  moment 
starts  to  occur,  the  compression  zone  will  became 
smaller  for  increasing  curvature.  However,  in  this 
plastic  case  almost  all  shear  force  has  to  be  trans¬ 
ferred  by  the  compression  zone,  due  to  large  crark 
widths.  At  certain  deformation  the  compression  zone 
will  have  become  so  small  that  failure  (by  shear) 
occurs.  Hence  the  rotation  capacity  0po>  which  is 
left  over  when  a  shear  force  is  transferred,  is 
smaller  than  the  rotation  capacity  0p  which  is  at 
disposal  when  no  shear  force  occurs.  The  reduction 
depends  on  the  ratio  of  the  present  shear  force  C 
and  the  ultimate  shear  force  fi,.  which  anyhow  can 
be  transferred  by  the  concrete.  This  latter  value, 
holding  before  large  shear  cracks  come  into  being, 
can  be  calculated  with  aid  of  the  Rafla-formula 
(6)  which  has  been  adapted  for  dynamic  conditions. 
Figure  5  represents  the  adopted  dependency  of  t  e 
rotation  capacity  on  the  shear  force. 


Fig.  t  The  rotation  capacity  decreases  for  an 
increasing  shear  force  Q. 

APPLICATION  to  a  simply  supported  beam 

In  this  application  it  Is  assiaed  that  the  beam 
can  not  fail  in  shear.  So  it  has  been  adopted  that 
sufficient  shear  reinforcement  Is  applied. 

The  span  1$  15000  m,  the  depth  of  the  beam  Is 
1200  w»  and  the  width  Is  1000  m.  Top  and  bottom 
reinforcement  percentage  is  0.3*.  The  concrete 
quality  Is  B22.5  and  steel  quality  is  FEB  400. 
for  the  concrete  material  we  Introduced 
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c  'rushing'  *■'  =  ie-‘ 

and  for  The  steel  strength  -il*  X.’m-; 

•\  t  -  6  so  X/rrr  . 

The  span  is  mode’led  with  12  discrete  sections, 
which  implies  that  the  length  of  a  section  is  to  be 
compared  with  the  depth  of  the  beam.  The  load  in 
each  node  consists  of  an  iw^suls  6  kXe  at  t-o.  The 
lumped  mass  n  in  each  node  is  3600  kg,  so  the  im¬ 
pulsive  load  yictds  an  initial  value  of  the  velo¬ 
city  u  *  6000:3600  «  1.7  «/sec.  One  could  interpret 
the  analysis  as  an  experiment  in  which  the  beam 
falls  freely  from  some  height  until  it  hits  at  time 
t-c  the  two  supports. 


5  sm 


Results  of  the  analysis  are  given  in  fig.  6.  Herein 
the  distribution  along  the  span  of  the  beam  is  shown 
for  the  Moment  V  and  the  shear  force  <J  for  differ¬ 
ent  times  t.  At  small  values  of  time  t  the  bean 
hardly  feels  that  the  supports  have  been  hit.  Only 
at  the  end  strong  curvatures  and  thus  moments  occur. 
Also  big  shear  forces  appear  in  these  parts  of  the 
beam.  When  time  goes  on  the  bending  moment  diagram 
changes  of  shape  and  the  displacement  diagram 
developes  in  an  expected  way.  One  can  easily  see 
that  a  wave  of  shear  force  travels  through  the 
beam.  In  total  agreement  with  the  development  of 
the  moment  diagrams  one  also  can  note  from  the 
plots  in  fig.  6  that  plastic  hinges  come  into  be¬ 
ing  at  som  distance  from  the  supports  and  then 
"travel”  to  the  mid  of  the  span.  Also  some  plots 
in  the  time  domain  of  a  displacement  u>,  a  moment 
H,  and  a  shear  force  J  are  shown  in  fig.  6. 

The  alternating  character  is  demonstrated  once 
store  in  these  plots.  In  the  same  figure  it  is 
shMn  for  a  couple  of  hinges  which  path  has  been 
run  through  in  the  elasto-plastic  V-/  diagram. 

From  this  it  appears  that  the  beam  after  som  time 
vibrates  in  an  elastic  way  over  its  whole  length. 


In  conclusion,  it  Is  felt  that  the  runs  made,  have 
shown  that  the  elasto-plastic  discrete  model  is 
able  to  represent  the  main  characteristics  of  the 
benavicur  of  a  beam  for  impulsive  loading  in  a 
satisfactory  way.  Though  the  real  behaviour  In 
detail  may  be  slightly  different,  the  global  be¬ 
haviour  Is  modelled  in  an  appropriate  way.  Avail¬ 
able  experimental  data  are  confirmed  by  the  results 
of  the  model.  This  holds  at  least  in  a  qualitative 
sense,  but  also  the  quantitative  information  sounds 
profound. 


APPLICATION  TO  BEAM  WITH  CLAMPED  ENDS 


Ue  now  consider  a  beam  with  clamped  ends,  which  is 
representative  for  the  response  of  the  roof  of  a  * 
tunnel  in  which  an  explosion  occurs.  Fig.  7  shows 
the  cross-section  of  a  typical  traffic  tunnel  ar 
it  is  applied  in  the  western  part  of  the  Nether¬ 
lands.  The  pressure-time  plot  Of  the  shock  wave 
due  to  an  explosion  In  a  tunnel  Is  shown  in  fig.  3. 
Herein  is  tK  peak  value  of  the  pressure, 
which  is  expressed  in  bars  (1  bar  *  100  kN/mZ),  and 
f j  is  the  duration  of  the  phase  at  which  the  pres¬ 
sure  is  present  (positive  phasel.  Af.er  t=tj  suc¬ 
tion  may  set  in  (negative  phase).  Th.  pressure- 


described  accurately  by  the 


Fig.  7  ft e.^le  of  a  tyy  Coo l  traffic  tun  •  /  in  r  h< 
HetHerlanJs. 


The  coefficient  a  is  a  shape  factor  of  the  shock 
wave.  In  a  tunnel  Its  value  can  be  set  to  4. 
Dependent  on  the  type  of  liquified  gas,  the  peak 
valua  can  be  of  the  order  of  10  bar  up  to  25  or  30 
bar  for  the  worst  type.  Tests  in  small  scale  tun¬ 
nels  show  a  positive  phase  duration  tj  of  about 
50  ms.  It  is  not  quite  clear  which  model  law  applies 
to  determine  the  value  of  t.j  in  a  real  tunnel,  but 
it  should  be  expected  that  t,  may  increase.  There¬ 
fore  we  have  examined  the  influence  of  three  values 
of  t*,  namely  50  ms,  100  ms  and  150  ms. 


Fij.S  ihvaiuiv-t 'me  plot  for  an  explosion  in 
tunnel. 

Firstly  we  made  an  analysis  of  a  beam  with  clamped 
ends,  assuming  that  no  failure  due  to  shear  will 
occur.  The  span  is  15  m  and  the  slab  thickness 
1.2  m.  Ue  started  with  a  high  percentage  of  main 
reinforcement  at  the  top  and  bottom  of  the  slab 
of  2.5V  This  yields  the  following  capacity  of  the 
beam,  which  is  determined  by  exhausting  the  ulti- 
-  mate  rotation  capacity. 


Ue  sen  that  Pnax  reduces  for  increasing  lj.  Though 
not  exactly  true,  cue  can  roughly  say  that  the  pro¬ 
duct  of  pnsx  c.j  is  constant.  Or  said  in  another 
way,  that  the  total  irapuls  is  more  of  less  deter- 
, airing.  In  all  three  analyses  plastic  hinges  come 
into  being  at  the  clamped  ends  and  at  nid  span,  in 
the  same  way  as  Is  found  for  a  static  load  (so 
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different  fro*  whet  we  experienced  for  a  simply 
supported  bean). 

The  analytes  May  produce  Insight  and  understan¬ 
ding,  they  have  however  no  practical  value  because 
of  too  high  shear  forces.  In  slabs  without  shear 
retnforceMent  the  allowable  nominal  shear  stress 
tu  Is  of  the  order  1  N/mm2,  and  we  have  found 
values  between  S  and  8  H/m? .  So  the  real  applica¬ 
ble  will  be  much  lower. 

To  deMonstrate  the  influence  of  the  shear  failure 
criterion,  a  new  series  of  analyses  have  been  then 
executed,  for  reinforcement  percentages  0.7,  1.1, 
1.8  and  2.5.  Here  we  only  present  the  results  for 
-l.lt. 
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We  see  t.iat  the  application  of  the  shear  failure 
criterion  strongly  reduces  the  allowable  P^,  as 
compared  with  the  situation  in  irfiich  one  just  checks 
the  exceedence  of  the  rotation  capacity.  Roughly 
"nor  decreases  to  one  third.  And  for  higher  percen¬ 
tages  of  the  reinforcement  the  reduction  Is  still 
more  severe. 

An  inspection  of  the  results  learns  that  even  no 
plastic  moments  occur  anymore,  because  of  early 
shear  failure.  Whilst  the  moment  diagram  along 
the  span  is  similar  to  the  distribution  which  Is 
found  far  a  static  load,  the  distribution  of  the 
shear  force  Is  quite  different,  failure  does  occur 
rather  close  to  the  mid  of  the  span  in  node  S  or  6.' 
The  analysis  for  tj*  ]«,.'>  ms  has  also  been  carried 
out  for  the  other  percentages  of  reinforcement  which 
have  been  mentioned  before.  SuppHsingly  enough, 
the  allowable  7*^  in  all  cases  was  3  bar.  It  is 
true,  the  allowable  shear  force  does  increase  for 
an  increasing  percentage  of  reinforcement,  but 
apparently  also  the  acting  shear  force  can  become 
bigger,  due  to  an  increasing  bending  stiffness. 

CONCLUSIONS 

A  discrete  bean  model  consisting  of  rigid  sections 
and  flexible  hinges  is  a  powerful  tool  for  better 
understanding  o>'  the  elasto-plastlc  response  of 
reinforced  concrete  beams  which  are  subjected  to 
impulsive  loading.  This  Is  achieved  thank  to  the 
fact  that  the  governing  equations  of  such  a  model 
are  easily  solved  by  the  use  of  an  available 
systems  dynamics  language  Oynamo. 

For  simply  supported  beam  impulsive  load  yields 
a  moment  distribution  and  shear  forces  which 
strongly  differ  from  the  ones  wnich  hold  for  st- 
mular  static  loads.  Provided  that  no  shear  failure 
occurs,  plastic  moments  can  occur  at  positions 
along  the  span  at  some  distant  of  the  mid.  The 
plastic  hinges  thereupon  travel  to  the  mid  of  the 
span. 

In  case  of  the  examined  beam  with  clamped  ends 
(simulating  a  tunnel  roof)  the  results  are  differ¬ 
ent.  The  moment  distribution  is  more  similar  to 
the  one  which  appears  for  static  loads,  but  the 
shear  force  still  differs,  be  it  less  than  In  a 
simply  supported  bean. 


From  this  one  can  cone  ude  that  an  tdealitatlon  of 
a  tunnel  roof  to  a  s1n|le-mass-spr1ng-system  is 
accurate  for  the  dlspltcement  and  moments,  but  may 
be  misleading  for  the  »alue  of  the  maximum  shear 
force  and  the  position  along  the  span  of  Its  occur¬ 
ence. 

If  no  stirrups  are  applied  a  shear  failure  criter¬ 
ion  has  to  be  Introduced,  which  strongly  reduces 
the  allowable  load,  and  in  most  cases  no  plastic 
hinges  will  cone  Into  being  anymore. 
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I  ABSTRACT  APPROACH 

Numerous  methods  for  predicting  structure  re-  Our  experience  with  HE  explosions  typically 

sponge  to  alrblast  caused  by  HE  explosions  were  centers  on  three  basic  types  of  alrblast  loading: 

developed  during  the  last  twenty  years.  The  rigor,  (1)  pressure-time  (triangular),  (2)  Impulsive, 

complexity  and  sophiaticat Ion  of  the  methods  are  and  (3)  the  combination  of  impulsive  and  pressure- 

known  to  cover  a  wide  spectrum.  Some  the  less  time  loading  as  shown  In  Figure  1. 

complex  but  widely  accepted  methods  are  examined, 

assessed,  and  discussed  relative  to  their  degree  Accordingly,  each  of  theae  loads  was  sepa- 

of  conservat lam.  To  support  their  assessment ,  rately  Included  in  the  analysis.  It  was  consld- 

the  authors  critically  examined  the  structural  ered  Important  that  theae  loads  be  treated 

design  parameters  used  in  the  predictive  methods^  separately  In  view  of  possible  variances  In  con¬ 

servatism  in  the  methods  under  the  different 
loading. 

BACKGROUND 

The  Corps  of  Engineers,  as  the  Army's 
designer  and  builder  of  military  facilities, 
maintains  a  continuing  Interest  in  the  technol¬ 
ogy  of  the  effects  of  wrapons  and  explosions  on 
structures.  The  earliest  design  techniques  were 
related  to  projectile  penetration  and  then  came 
the  great  Interest  In  effects  of  nuclear  weapons 
Including  blast,  shock,  and  other  associated 
effects.  During  Vorld  War  11,  there  developed 
relatively  crude  procedures  usually  "rule  of 
thumb”  methods  to  estimate  effects  of  accidents 
at  the  many  munitions  and  explosive  manufacturing 
facilities  which  we  rapidly  erected  during  the 
period  1041-1945.  In  the  last  30  years,  problems 
of  design  of  structures  to  resist  the  effects 
of  HE  explosions  have  been  addressed  on  a  more 
rational  baala. 

Two  of  the  moat  recent  non-nuclear  documents 
reflecting  the  Corps'  efforts  are  TM  5-1300, 

Structures  to  Resist  the  Effects  of  Accidental 
Explosions  (19691,  and  HNDN-1110-1-2 ,  Suppressive 
Shield  Design  and  Analysis  Handbook  (197)). 

These  documents,  among  other  Corps  references, 
provide  our  basic  guidance.  However,  the  Corps 
design  activities  have  not  been  reatticted  to 
these  two  documents. 


Many  methods  conforming  to  other  authorities 
are  also  used.  Some  of  the  most  frequently  used 
methods  are:  (»)  ASCE  Manual  42,  (2)  Air  Force 
Manual  500-8,  (3)  Defense  Civil  Preparedness 
Agency  (now  Federal  Emergency  Management  Agency) 
Protective  Construction,  and  other  texts  usually 
associated  with  structural  dynamics. 
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TYPE  OF  LOADING 
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Figure  1 

.*  Since  reinforced  concrete  prevails  among  pro¬ 
tective  structures,  we  selected  a  reinforced 
concrete  well  as  the  structurel  element  for  our 
assessment  of  the  methods.  After  determining  the 
loads  and  the  structural  elements,  we  proceeded 
with  our  analysis. 
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two-usv  reinforced  concrete  well  In 
figure  2  wee  designed  for  flrxure  «*  indlceted 
by  the  Min  reinforcement.  Ho  shear  calculations 
were  aade.  for  our  purpose,  it  la  aaauaied  that 
shear  aay  be  adequately  provided.  Flexural 
strength  and  other  structural  properties  are  tab¬ 
ulated  In  Table  1.  These  were  used  as  the  basis 
f°r  calculating  deflection  used  in  our  comparison. 


REINFORCED 
CONCRETE  WALL 

(TWO-WAY  SLAB) 


Figure  2 


TKIANGULAR  LOAD 

A  family  of  curves  Is  plotted  for  the  rein¬ 
forced  concrete  wall  to  predict  the  wall  deflec¬ 
tion  resulting  froa  a  triangular  preseure-tlae 
load.  Each  curve  represents  a  specific  ductility 
ratio,  u,  hence  deflection.  Figure  3. 


asanas,  i.  m  m 

Figure  3 


By  locating  the  coordinate  (t^,  P  ),  the 
ductility  ratio  aay  be  estimated  by  interpolating 
between  the  u's.  For  a  ductility  ratio,  u  *  3, 
two  curves  are  shown;  one  for  TM  3-1300  method 
and  the  other  for  the  auppressive  shield  sat bod . 
All  the  other  methods  prevloualy  discussed  are 
distributed  in  the  shaded  band.  A  close  observa¬ 
tion  indicates  that  the  TM  3-1300  curve  ij  more 
conservative  than  the  others,  because  being  on  the 
louer  side  of  the  shaded  band  it  has  more  restric¬ 
tions  on  the  Halts  of  pressure  and  duration  for 
the  given  ductility  ratio,  u  •  3.  The  Suppressive 
Shield  Handbook  curve  is  leas  restrictive,  allow¬ 
ing  23  percent  higher  pressures  for  the  suite  dura¬ 
tion  and  ductility  ratio. 


IMPULSIVE  LOAD 

When  tha  wall  is  impulse  sensitive  froa  close- 
in  explosions,  deflections  are  also  predictable. 
Bated  on  the  curves  in  Figure  A,  the  TM  3-1300 
curve  on  the  lower  side  of  the  shaded  band  la  con¬ 
servative  because  being  on  the  lower  side  of  the 
shaded  band,  It  has  more  restrictions  on  the 
Units  of  the  impulse  for  a  given  deflection.  The 
Suppressive  Shield  Handbook  curve  is  leas  restric¬ 
tive  allowing  20  percent  higher  impulse  for  tht 
sane  deflection.  Curves  for  the  oth-r  methods 
are  distributed  within  the  shaded  band. 
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Figure  A 


COMBINED  LOAD 


The  coabtned  load  consists  of  an  lapulsive 
load  followed  by  a  prolonged  gas  pressure.  A 
family  of  curves  Is  shown  in  Figure  3  and  each 
curve  .-epreaenta  a  specific  ductility  ratio,  u. 


Altai  locating  tha  coordinate  (P.t,  ir),  the  duc¬ 
tility  ratio,  u,  etc  bo  estimated  by  Interpola¬ 
tion  between  u'a.  The  ductility  ratio  curva  u  ■  3 
for  TM  5-1300  and  tha  Suppressive  Shield  Handbook 
aathoda  ara  a hows.  It  can  be  deaonitrated  again 
that  the  TM  5-1)00  curve  on  tha  louar  aide  of  the 
ahaded  bend  is  mors  conservative  than  tha 
Supprassive  Shield  .land book  curve  on  tha  upper 
aide  of  the  bead.  IM  5-1300  la  aore  restrictive 
on  the  Halts  of  tabulae  rad  (as  pressure  tor  a 
given  ductility  ratio,  u  •  3.  Tha  Suppressive 
Shield  curve  la  less  restrictive  allowing  15 
percant  impulse  or  30  percent  hlglier  gat  pressure 
for  che  seat  ductility  ratio. 
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Figure  5 


The  charge  weight,  distance  and  loss  para¬ 
meters  ara  ahown  in  Figure  6.  These  nuabera 
provide  ai.  appreciation  for  the  magnitude  Involved 
and  an  understanding  of  the  curves.  Applying  load 
paraaatera  on  the  wall,  daf lections  ara  eatlaatsd 
by  using  Figure «  3,  A,  and  3.  These  examples  are 
not  rettrlcted  to  any  one  method,  l.e. ,  both  TH  5- 
1300  and  Suppressive  Shield  aatboda  are  uaed  below. 


For  the  80001  TMT  at  100  feat,  where  Fr  »  90 
pel  and  tr  *  16  aa,  salect  froa  Figure  3  (TM  5- 
1300  curve)  approximate  u  •  1.4  or  la  •  uX_  *  1.4 
x  0.13  in.  -  0.2  In.  For  tha  512  ?b.  TUT  it  10 
feat,  whore  lt  *  1920  pal-ao,  aalact  froai  Figure 
4  (Supprassive  Shield  curve)  Xa  •  7. A  In. 

For  the  cout mined  8  lb.  TFT  at  5  feet,  where 
lr  -  18A  pal -ea  and  Fjj  •  6A  pal,  salect  from 
Figure  3  CM  5-1300  curve)  approximate  u  »  1.3  or 
I*  -  1.3  r  0.13  •  0.2  In.  Thsse  deflections 
campers  well  with  tha  calculated  1«  In  Table  1. 


ASSUMPTIONS 

Four  factors  lnfluanca  tha  difference*  In  tha 
predictive  methods;  yield  line  assumption.  ueoant 
of  inertia,  nodulue  of  elasticity  and  etiffneaa.  Aa 
expected,  the  variance  within  these  factors  era  tha 
basis  for  tha  dlffarancaa  In  the  predicted  deflec¬ 
tion. 


YIELD  LINE 

In  Boat  two-way  slab  designs,  tha  effective 
unit  real sting  moments  ere  assumed  to  be  uniform¬ 
ly  distributed  on  the  yield  lines.  In  TM  3-1300, 
the  effective  reslctlng  moment  at  the  comers  are 
reduced  by  one  third.  This  saductlon  cruses  the 
TM  5-1300  method  to  be  significantly  conservative. 
See  Figure  7. 


TWO-WAY  SLAB 

YIELD  LINE  DISTRIBUTION  OF  MOMENTS 


•e 


MOFXNT  OF  mSTU 


The  formulas  (or 
In  Figure  8. 


nix  of  Inertia  are  shown 


FORMULAS  FOR  MOMENT  OF  ll&RTIA 

(KONTCIKED  CON0CTC  8LAb) 
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Figure  8 

Appreciable  difference  in  Xa  appears  when  the 
slab  thickness  1s  email.  This  is  attributable  to 
tbs  uae  of  "T"  in  TM  5-1300  and  "dM  in  the  otter 
methods. 
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MODULUS  Of  ELASTICITY 
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When  3600  pel  concrete  it  apaclfiad,  th*  Ec 
In  fixture  9  i*  the  liw  for  *11  mthoda.  S«* 
intersection  of  curve*. 


Th*  Miiiwni  on  th*  relative  conearvatiam 
*r*  b***d  on  airblaat  data  fro*  TH  5-1300  curve*. 
Th*  ecri  recent  dtt*  In  th*  Sup,.-«a*lv*  Shl«ld 
Handbook  i*  significantly  different.  Th*  differ¬ 
ence  in  Inpul**  i*  aaan  in  fi|ur*  10.  TH  5-1300 
ia  aa  auch  aa  SO  percent  higher. 


MODULUS  OF  ELASTICITY(coH«rrt) 
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figure  9 
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figure  10 


Sine*  Boat  concrete  strength  for  alrblaat 
iouda  exceed  4000  p*i,  a  dlffaranc*  in  Modulus 
of  elasticity  1*  unavoidable. 


If  th*  late*t  data  were  separately  uaad  in 
th*  Suppressive  Shield  Handbook  laathod,  the 
differences  in  conservatism  betveen  aethod*  would 
be  mors  pronounced. 


STlffNESS 

Kith  the  exception  of  protective  couatructlon 
and  Manual  42,  th*  equivalent  atiffo*****  are  u»*d- 
fro**  our  p  raced  in*  example,  the  at  1  f  foe  a*  by  Manual 
42  la  algnlf leantly  uighar  aa  shown  bales*: 


Manual  42 

Protective  Con»tructi<*> 


Other* 


Wu  hav*  examined  the  extrema  in  the  pre¬ 
dictive  mthoda.  Of  the  nix  eethod* ,  no  cosparl- 
■  on  waa  mad-  aa  to  how  how  each  related  to  the 
other  in  coovarvatism.  Tho  beat  heals  for  Jvdga- 
mnt  la  the  cuaparlson  of  deflactiona  in  Tabla  1. 

In  our  examination  of  the  mthoda,  ve  aaaumd 
ail  awthoda  ere  con*erv*tive.  Thie  assumption  ia 
supported  by  taeting  of  full  scale  and  modal 
trructura*  in  previous  Army  program*  asaociatad 
with  the  davalopmnt  of  Ccrpa  of  Eng 1 nee  re  manual* 
for  burdened  structures.  Accordingly,  w*  consider 
the  aaauaption  to  be  reasonable. 


CONCLUSION 

v 

In  aamaalui  the  relative  cona*rv*ti*t*  of  th* 
mtloxl* ,  th*  focus  was  on  both  ends  of  th*  spec¬ 
trum  th*  scat  cooaarvatlva  on  one  and  *nd  the 
least  conservative  an  th*  other.  W*  ld«ntifi*d 
th*  TH  5-1 300  method  **  the  meet  conservetjv*  end 
the  Suppress iv*  Shield  Handbook  nathod  as  tha 
laaat  coomrvat lvs . 


Baud  on  eh«  Mxl»ai  deflection,  X,,  In 
Table  1,  tha  ordar  of  coneervatlea  beginning  with 
aost  conaarvntlva  to  laaat  conearvatlva  follows: 


1.  IM  5*1300 


x,  nanoal  4! 

3.  Protective  Construction 

4.  Air  Force  Manual 

5.  Blgge 

6.  Supprasalva  Shield  Handbook 

In  general,  because  of  alsilarlty,  It  would 
be  nor*  appropriate  to  grovp  coneervatlae  as 
followa:  IM  5-1300  by  ltielf  aa  the  aost  conserva¬ 
tive;  Manual  42,  Protactlva  Construction,  and  the 
Air  Force  Manual  In  the  Intermediate  group;  and 
Elgge  and  tha  Suppraaalve  Shield  Handbook  aa  the 
lease  conservative  group. 
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•anal  tarfaca  haaponi  Caatar 
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DTMKICt  Of  A  LINUX  tTNOCTUM 


'“'laploaion  Jynaiea  la  concerned  with  tha 
rtaponaa  of  atructuraa  to  Utaaaa  preaaura 
loadings  froa  shock  waves.  Moat  iatwractioaa 
that  occur  in  practice  art  war y  eagles,  ao  that 
Kalins  la**  art  often  seployed  to  reduce  the 
tnnthar  of  independent  »ari  blot  to  a  loaaar 
nuaber  of  dinentioeltta  variablaa.  Tarjr  oftan, 
thit  aakaa  the  raaulta  aaaiar  to  interpret. 

Kara,  new  aiwilarity  variablaa  are  introduced 
which  lead  to  flattar  response  curvet  than  thoaa 
obtained  previously. 

The  energy  tranafar  froa  the  fluid  to  tho 
structure  it  treat  at  by  computation  of  the  fluid 
work  dona  on  the  atructure  and  the  iecreaee  in 
elaatic  energy  stored  in  the  structure. 


The  ainSta  dagrea  ef  f reed o*  ipriag-na»« 
aytton  it  governed  by  the  diffareotlal  aquation 


^  ♦  w*a  *  f  t*p(*t/T) 


(l). 


•  rare  a  it  tha  diaflacaatant ,  a  la  tha 
acceleration,  ?  it  tha  peak  preaaure,  t  it  tha 
tlna,  and  T  it  tha  charactariat ic  tint  of  the 
p tenure  pulaa.  Tha  natural  frequency  »  ia 
given  by 


-v£7n 


T 


where  k  it  the  linear  apring  conatant,  and  N  it 
tha  kata  of  tha  body  aurfaca  par  unit  araa.  The 
boundary  eooditiooa  at  t  *  0  art 


t  •  0:  l 


(J). 


imoowrrio* 


Oodaruatar  explosions  product  a  cowplex 
t  luid-etructure  intaractioa  at  the  aurfaca  of  a 
tubes rged  body.  Tha  preaaure  at  tha  body 
aurfaca  ia  dapeodaet  not  only  oe  the  ahape  of 
tha  body,  but  ia  eodified  by  tha  induced  action 
of  tha  body  aurfaca.  In  general,  because  of  tha 
aae-lia*ar  behavior  of  tha  watar,  tha  aurfaca 
praaaure  at  any  particular  tuna  will  depend  on 
the  previout  hittory  of  tha  notice  of  tha 
aurfaca. 

Thia  aataa  tha  fret  (laid  preaaure  tree  tha 
eaploaiee  ia  nodifiad  not  only  hy  ahock 
-eflaction  front  the  body,  but  alto  by  tha 
particular  path  takao  by  tba  aurfaca  at  it  novsa 
under  tha  praaaure  loading. 

Thia  papar  ia  coeceratad  with  tha  apecial 
cut  where  tha  praaaure  notification  fro*  body 
aerfoee  netioc  ia  aeglasibla.  Thia  usually 
octart  ia  the  eaaa  of  acpleelwea  iu  air.  Tha 
atructure  ia  aaauead  to  be  a  linear  ayriug-ean 
tyttae  subjected  to  m  aayantetial  praaaurn 
load.  A  develipnaat  ef  aedal  lawn  for  thia  caaa 
appear*  ia  lef  arenas  1.  Ia  thia  paper,  new 
•  Udlarity  variablaa  are  iatrwdaead  «*icb  give 
farther  ’-might  into  the  dynamics  of  explosion 
induced  aotiosa  of  atrwetaraa. 


where  a  ia  tha  velocity  of  Che  surface.  The 
aoiutloo  of  thia  tyttae  it  oscillatory  with  tha 
ecxinue  ditplacaeant  a  reached  at  tiae  tn. 

.  It  it  coc^iiaat  to  introduce  tha  following 
lieanaioaleat  variablaa: 


a  -  k  */r 

(A). 

a  •  k  a /t 

(5). 

T  -  .  T 

(1). 

t  *  w  t 

(7). 

ta  *  •  ta 

(!) 

In  tarns  of  tbana  new  vatiablaa,  tha  solution  to 
Egwatioe  (l)  that  aatiaflaa  tba  boundary 
coeditioea  gives  by  tguatioc  (3)  ia 

(-t/f)  -cot  t  ♦  (tin  (»). 


'TTph1 


The  relatioeabip  between  tha  aspeeaotial 
preaaure  loading  and  tha  raavltat  diaplaca 
of  tba  structure  La  aboww  ia  Figure  1. 


«3 


I*  . 
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TIMS  or  MAXIMUM  BlSFUkCtKUtT 

At  indicated  In  Pigurt  l -A,  the  maxima 
displacement  m  at  tha  structure  it  reached  at 
tian  ta  uhen  th*  velocity  vanish**. 
Differentiation  at  gquation  (9)  lead*  to  the 
expression 

I  exp(-tn/F)  ♦  T  tin  ts  ♦  ee*  ta  •  0  (10). 

Tha  ties  <1  maxima  displacement  it  shown  it 
Figure  1  at  a  function  of  tha  character ietle 
load  tag  time. 


KASIM*  OIIPLACCOMT  BAAED  0«  PSAS  NIitOU 

Substitution  of  tit  into  I  qua  t  lee  (9)  Watt 
to  tha  distribution  of  tha  aaainaa  aiaplaceaant 
function  aa  -have  in  Figure  3.  Tha  maximum 
displacement  function,  at  Isfinod  by  Equation 
(3),  it  tha  ratio  of  mMlasa  displacement  to  tha 
displacement  Chat  would  eccar  emdsr  a  atatic 
load  equal  to  tha  peak  pressure.  A  disadvantage 
of  this  definition  ia  that  it  ia  independent  of 
the  ahapa  of  tha  pressure  pulaa.  This  prodacaa 
the  largo  variation  in  a  shewn  in  tha  Pifura 
1.  A  flatter  retponae  curve  can  ha  obtained  hy 
baaing  the  diaplacnaant  oa  an  average  praaaure 
exerted  on  the  vail,  rather  than  tha  peak 
pretauro 


average  rmsuu  and  Amigo  nmn.n 

The  definition  of  total  impulse  ia 

/ae 

p(t>  dt  (id. 

For  the  exponential  loading  uaed  hare, 

r  9  1/T  (11). 

lecauae  tha  total  iapulat  includes  the  praaaure 
loading  applied  to  the  structure  after  it  hr.e 
reached  its  maxleuo  displacement,  ua  introduce  a 
new  similarity  variable,  tha  applied  impulse  J 
defined  by  the  shaded  region  in  Figure  1-1.  By 
fining  the  upper  limit  ef  integration  to  the 
time  of  Bsxiaum  displacement,  the  applied 
Inpulse  it 


J  9 
o 


■r 


p(t)  dt 


(13). 


Q' 

Prom  Figure  l->,  cbe  average  pressure,  applied 
up  to  tha  time  of  aaitiw  dafleotiam,  ia 


Pe  9  j/tm 


(14). 


For  tha  axpemaetial  loadiag  coaaidarod  here, 
tquatien  (IA)  haeoaaa 

Pa  ■  (p  T/te) [ l  -exp(-t*/f))  (13). 


St*  ■ 

MAXIMUM  DlSPLACSKEIfT  AAASS  OR  ifBMI  PUMUKS 

A  nev  diaplacamant  fuoetioe  aaalogoua  to  ' 

Squat ioa  (3),  hut  hated  oa  tha  evaraga  pressure 
leatead  ef  peak  pressure  is  ■*” 

mr*  ■  k  am/ Pa  (It). 

A  plot  of  thia  fuactioa,  aheuing  tha  relatively 
flat  reapanaa  ia  ahoue  ia  Plgure  3.  A  quaai- 
atatia  load  vith  T  9  1000  will  produca  a  usxiuua 
deflect loa  that  la  1.173  tints  larger  that  that  *  . 

prodecad  hy  a  impalaiva  lead  with  T  9  .01,  if 
tha  average  praaaure  Pa  ia  tha  tame  for  both 
loadings,  in  this  eonparisoa,  tht  saiem 
daflactiea  ■  ia  net  very  seasides  to  the  shape 
of  the  pressure  pulaa. 


PEAK  AM)  AmMI  MEtgUIE  PURCTlOMg 

In  Bafereaca  1,  s  peak  praaaure  fuactioa  was 
defined  as 

P  9  2  P/(k  xm)  (17). 

The  denominator  on  thn  right  represents  the 
mnxieuu  elaatic  energy  stored  in  the  spring. 

This  occurs  at  thn  tine  of  uaaioun 
dlaplacnmant.  Mare,  ae  average  praaaure 
function  ia  introduced  in  tha  fere 

Pa*  9  1  Pa/(k  am)  9  2/xm>  (It). 

Thia  function  gives  the  ratio  of  tha  average 
pressure  to  thn  average  tprieg  force.  Flora  of 
these  pressure  functions  appear  ia  Figure  A. 

The  applied  pleasure  function  is  rsiativtly  flat 
coveted  to  tha  peak  praaaure  function.  Thia 
means  that,  over  a  wide  range  of  selves  ef  the 
characteristic  time  of  the  pleasure  pulse,  the 
ratio  of  average  praaaure  te  the  nesinum  elaatic 
energy  stored  ie  the  structure  is  almost 
coma  test. 


TOTAL  Am  APPLIED  OtmSI  FWQCTIWB 

la  Reference  1,  a  impulse  function  uas 

defined  as 

T  9  I/(u  M  am)  9  P  T/l  9  T/xa  (19>. 

■ere,  this  is  replaced  hy  an  epplied  impulse 
function  defined  ea 

J*  9  J/<»  M  me)  9  Pe*  ta/J  9  tmt*’  (»). 

Aa  ahmum  ia  Pigere  S,  J*  varies  from  1.0  ter 
lapuleivo  leads  te  1.37!  ter  qeaai-etatic  leads. 

The  ptepaaara  fenetiam,  total  impulse 
fnactiee  reap ansa  curve  frea  Bqaatioa  (19)  is 
shave  ia  Pigere  A.  The  sum  is  a  kyparhels 


.4 


m 


tattedlag  to  itfiaity  tltng  faret  **d  iapvlt* 
ttyaptatia*.  A  corrsapMdlag  applied 
function,  applied  t*p«l:>*  fuactlo*  ratpoait 
tim  trm  tgaatlo*  ( JO)  la  rise  ahow*.  TV* 
Itttir  cur**  it  a  Mall  •* gu* o. t  of  a  hytrhol* 
tSat  |lm  tv*  cMhinatlMt  of  applied  >t«iiur* 
and  applied  iavulta  that  produce  tha  l*M 
•ailtaa  diaplacMant  of  tha  tyatM, 


duct  ooMnvAnoa 

tf  »i*eo*t  ditaipttloe  and  radiation  daapiag 
f  ro*  <**11  not  to*  or*  sag  1  *c  t  ad ,  th*  wort  do*o  M 
tha  atructnra  V;  tha  fluid  it  conrartad  directly 
iato  kiMtic  nargy  of  th*  atructur*  n*  alaatlc 
energy  at*T*4  it  tha  apriag.  If  tla*  ia 
Miaurat  trM  ahock  i^lagMaac  with  tha 
itru.tata ,  tha  work  taa*  oa  th*  it  rveturt  hr  th* 
fluid  *rta*«r*  a*  to  th*  t  iaa  of  aaxlaua 
diiplauenat  it 


whar*  a  it  th*  turfac*  walocity.  A  work 
function  ia  dafiMd  by  th*  axpraaaion 

V*  *  W/(P  aa)  (11). 

whar*  th*  daaoaiMtor  ia  th*  fluid  work  doao  oa 
th*  atructur*  hy  t  ttatic  load  a*ual  to  P.  With 
th-  aid  of  Equation  (fl),  E* oat  ion  (11)  hocaata* 

V*  »  f[l  «  >2  -  I  ■  CO*  t*l  (JJ), 

itain  to  -T  cet  tw  ♦  T  H| 

whar* 

H  •  **pt-ein/T)  (1*), 

Tha  fluid  «vrk  fuo.tioe  i*  ahow*  it  Figure  7. 

Aa  the  praaiyru  loading  h*cta*aa  aor*  iapulaiwa, 
th*  work  do**  by  th*  fluid  o*  th*  atructur*  ia  a 
aaallar  percent  »f*  of  that  produced  by  a  guaei- 
atatic  load. 

At  any  iaatant  ia  tiaa,  th*  fluid  work  it  i* 
atuilibriu*  with  th*  alattic  *Mrgy  ator*d  in 
tha  apriag  and  iha  kiMtic  anargr  of  th*  aaaa. 
Tkia  can  ha  axpneeed  at 

W  '  E  ‘  Q  («). 

uhara  th*  alattic  energy  it 

E  •  k  »J/i  (17). 

.ad  th*  kiaatic  **argy  it 

Q  •  W  «J/1  (II). 

Eaoatioa  (14)  ca*  ha  write**  i*  th*  for* 


After  tom  aaaipwlttiM,  wa  obuia 

v  •  Illy  - 1  mi  F  ♦  >i  fii  an). 

(1  *  F)|l  ♦  h1  -  J  h  to*  n 

Thi*  fuactlM  i*  platted  la  Ptgura  •  fot 
thr*a  walwat  ef  th*  rharactariatic  tiaa  raagiag 
fro*  0.1  to  1000.  Thai*  turret  corraapoad  to 
iapalgl**,  dymMlc,  and  gvaal-atati:  loads, 
raifMtiaaty,  Lack  cum  at  art  a  at  Mr*  tiaa 
and  wad  a  at  th*  t  Im  of  aaaiawa  doflattl**  Man 
all  th*  flaid  work  m  th*  atructur*  la  atarad  aa 
alaatic  aaargy.  Ear  tiaat  h*tw*aa  that*  two 
ndytiaia,  o*ly  a  fraction  of  tho  fluid  work 
dwv*  m  th*  atructur*  i*  atorad  *•  alattic 
***rgy.  Th*  halmca,  aa  indicated  hy  Iguation 
(ID,  la  atoned  at  kiMtic  ***rgy. 

Aa  th*  wall  atarta  to  wove  undar  th*  iattna* 
praaaur*  lo«diag,  Mat  of  th*  work  do**  hy  th* 
fluid  gMi  into  kiMtic  energy .  Only  a  a*all 
parceatag*  got  a  iat*  tiaat  ir  aaargy  ato.*d  la 
th*  apriag.  After  th*  Mil  haa  rate  had  it* 
■art—  waloctty,  a  great*-  parcaataga  of  th* 
work  haa  haa*  cMwartad  iato  tlaatic  *Mrgy. 

Whan  th*  Mil  finally  caati  to  rt  t  at  tha 
aaaiaua  dlapl*c*M*t  point,  all  th*  fluid  work 
ia  atorad  a*  alaatlc  aaargy. 


ooacunion 

Tha  ratponn*  cure**  for  a  lintar  aprlng-aaei 
tyut—  haa*  aodlflad  hy  th*  latreductloa  of 

mw  (UaiUrity  w*ri*hla*.  Tho  applied  lapult* 
la  d*fi**d  **  th*  iapulM  r*c*iw*d  hy  th* 
atructur*  up  to  th*  tiM  of  aaaiiauB 
ditpl*c*a**t .  Any  iwpul**  r*«*iw*d  altar  thi* 
tia*  do* a  not  have  My  iaftuaac*  oa  th* 
aogaituda  of  th*  MaiaM*  ditplactsaat ,  and  it 
th*r*for«  Mgl*ct*d .  A*  ***rag*  prat  aura  ouar 
tkia  tiaa  iatawal  mi  alto  iatroducad  to  h*  ua*d 
1*  place  ef  th*  paa*  pr***ur*.  Thi  a  wat  choaaa 
hactuM  tw*  diffaraat  praaaur*  loading*  with  th* 
IM  iaitial  peak  ca*  htw*  cowpWtely  dii  iaraat 
raapMMa  kacauM  tbair  chtractiatit  tiaa*  are 
diffomt . 

Th*  rat pnent  curwaa  for  th*  **w  function* 
iatroducad  her*  are  fairly  flat  a*d  do  not 
approach  t*ro  or  iafiaity  at  aka*  th*  loading 
I*  ttatic  er  wary  iapulaia*.  A  atructurt  that 
rocaiwaa  th*  *aaa  a*pU*d  iapwlM  fro*  two 
dlffarMC  praaaur*  puiaaa  will  racaira 
approaiaataly  th*  mb*  Mil—  d*fl*ctio*.  Thia 
caaatot  h*  Mid  f*r  tw*  diffarMt  pulMa  that 
haw*  th*  aaaa  total  l^ulta. 

A  itady  ef  th*  aa*rgy  inulir  fro*  th* 
fluid  to  th*  atructur*  iadicatat  th*  uork  doau. 
h»  th*  flaid  ia  iaitidlly  tr«a*fo(B*d  aottly 
into  kiMtic  atnigy.  Mtar,  afk*r  rh*  atructur* 

hat  rate  had  itt  *w<bbi  walocity,  «  greater 
pare a* tag a  of  eh*  flaid  wart  it  tt*r*d  a* 


C*  *  I/W  •  l  -  Q/V 


(i»). 


•laatl*  m/V  ii  (la  tyrSkf.  Vkm  tbs 
itrMtvn  baa  nmM  it*  MliM  ii^lKMNt, 

•  ii  tba  tlalA  mi  ii  u»t*i  ta  tba  ipl*|  •• 
tlittlc  wrp.  Aar  <Mtp  maUi^  ii  tba 
M1*  altar  tba  tiaa  et  miIm  iiirlit*MU  i* 
irrtlnni,  Mi  i*  aaaat  tally  Mttti,  *ia«a  *.t 
caaaat  baaa  aar  ia(l«*«ta  oa  tin  Maiaa 
tiaplaaamat. 

it  it  aiimui  that  that*  hnUi  will  ba 
■  igaiflaaatly  nittiai  aha*  tba  yrataara  l««iia| 
ia  ekattti  Ay  rtiiitlat  ia^iif  proAwcaA  by 
(luiiltMctan  iutarcctlea.  Ivan  wbaa  tba  In* 


llaM  ytaaaara  la  aayaxaaiLal,  tba  aataal 
yraaaata  at  tka  aarlaaa  at  tba  atratear*  will  aa 
lN*ir  bawa  that  tan  at  Ax*/.  Tbia  aaaa, 
abiah  tpliat  ta  wat  Mi*mt4r  asylaataat, 
will  b*  tba  aabjatt  rt  a  fatal*  Mai). 


ntrawcta 

i.  lakar,  H.  1.,  Kaatiaa,  f.  I. ,  a*4  Mp, 
f.  T.,  "ttallarity  Ibtlait  la  ta«iM«rt*s 
Draaaitan  (Haw  Jaraay:  RayAaa  bask  Co. ,  !*«,, 
II?)),  p.lMl. 
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Charles  M,  toneger 


tottell*.  Piclflc  Korthwett  Uboretorl*! 
IhchUrtd,  Wlihthgton 


ASSTIWCT 

•  result!  Of  l*V*r*1  tnvttttMt'Oftt  Of 

ttool  fiber  rt’nforced  concrete  (VK)  under  •>- 
gletlve  looting  or*  presented.  rottt  utlng  Mf+» 
•aplwlvet  mot*  perform*  by  the  ’J.$.  Corot  of 
tnelwers  to  cwper*  reinforced  concrete  tlebt 
01109  conventional  concrete  to  tleller  lltOt  oil 09 
JTtC.  Th*  convention*!  slab*  utro  cweletoly 
dlltntagritel.  The  tlebt  containing  SntC  retained 
their  Integrity  too*  thoweh  eeverely  deeeged.  Ste- 
l Hr  results  uere  obtained  with  •xyiotlyo  tottt 
00  ilebt  by  iHrwn  Uvereer*  lihoretory,  iMd 
lotting  by  «  pendelvn-typ#  taped  mcMm,  bellli- 
ttc  taped  by  *m1  )  ere*  fire,  tepwltl v*  leedln*  on 
been*  Mt  «  trap  wight  twact  test  to*  of  irk 
In  t  reector  cenUlwwt  « true  torn  Is  re « I  wo  < 
tottpn  lids  ont  potential  ippltcattens  of  UK  tor 
bint  retlsUnce  In  structures  in  lllM. 

1  'x 


flUM  1,  load- Deflect  Ion  Curve  for  1-1 ft  t  40/* 

*  1«  in. (19  »  114  «  4«  w)  Hein  Con- 
crou  tow.  Ibilw  Sit*  Aec.e''-t»  toed 
■01  VO  In.  (9  w)  (tof.  I,  o*9»  S). 


IbTWOOCIlOb 


Prtyfcly  the  Bttt  outstanding  loprcrwwnts  of 
tltol  floor  reinforced  core  rot*  over  that  of  pltln 
concrete  tro  In  1t»  energy  absorption  ctoncterli- 
ttti  tot  tit  rotltunco  to  lapect  end  esplotlv* 
loedsng.  Th#  vdvtntig*  It  not  aertly  thtt  of 
greater  toughness,  bur  the  protonc#  of  fibers  pre¬ 
vents  tt«*  totil  disintegration  *nd  sheltering  of 
control*  is  sect  lied  with  chock  loeds.  With  fibers, 
th*  crock t  ctnnot  extend  without  stretching  end  do- 
bonding  tho  fibers,  As  «  result,  IttbsUntlel  *n*r- 
9)  inputt  *r*  r»L«it«ry  before  coaplete  fracture  of 
th*  Mtarlel  cm  occur.  A  noosur*  of  th*  energy 
absorption  pr«p*rti»»  or  toughness  of  st*«!  ftb*r 
r*1nforo*d  cmci  et*  ccapf’^J  to  pUtn  concroto  tun 
b*  wen  free  tie  #r*o  jWr  th*  loae- deflect  Ian 
curve*  shown  In  Figures  1  end  t  [1j.  tony  tests 
them  thtt  th*  toughness  of  tteel  filer  r*1a/om« 
cone  ret*  it  in  order  of  mgnltvde  hi  pier  thin  thit 
of  plain  concrete  [*,!]. 


With  explosive  loading,  tteel  fiber!  reduce 
th*  fnqeont  velocity  ind  th*  fiber  reinforced 
1 1  lb!  reuln  their  Integrity.  Thit  uni  out  proper¬ 
ty  of  spell  •*'4  thit  ter  resistance,  ind  th*  ebil- 
1  ty  to  reuln  th*  thepe  end  Integrity  of  structure! 
*  tenants  end  to  hold  thee  together  cen  be  vital  In 
the  design  of  certain  types  of  structures  to- 
ciute  of  thete  propertlet,  rendw  tteel  fiber  re- 
mforcenent  is  sell  suited  for  use  In  been  or 
other  structure!  ileeents  subjected  to  lepict. 


f ISUtt  l-  Load-OeflKtlon  Curve  for  *  «  l  *  4  In. 

(SO  »  SO  *  1W  w>  fiber  to1rforc*<i  Con¬ 
crete  Sew.  tolnforcweet  ms  1.941  by 
volw*  of  .017  x  1-1/*  In.  (0.41  *  »  w) 
Steel  Wire,  toxlew  Site  Apprege U  Used 
MS  V8  1».  (9  m)  (tof.  1 .  p.  5). 


atsutu  of  rinosm  ioaowo.  iww.si«  iwotno 

MO  (MAC!  TESTIHC 
Ufloytvt  lotting 

lull  by  Kllllwon  [t]  StacrltrUM  that 
■1th  taploilvt  lotting,  *  ihoek  MK  tnwli 
(hrouph  4  Mill  II  l  coaprtlttohtl  wtvt  ind  tl  re¬ 
flect*!  on  tin  appoint  fict  it  i  toot! It  Mitt 
»Mcb  thtfl  ciwiti  ipilllng  tnd  dttlnttpmlon  of 
contrite.  fllMww't  lull  hm  ihown  tMl 
Kbilt  convtntlowlly  httvtly  rtlnforctd  llibl  dll 
Intoprite  coMpltttly  vndir  taploilvt  lotdlno,  tht 
inclusion  of  itttl  fibtri  in  tht  concrttt  rtducti 
I  to  fripmnt  velocity  by  up  to  73  ptrttrt.  Hnn 
iiportintly i  it  ciuiti  tht  tltbt  to  nttln  thtlr 
inttpMty  without  producing  ttcondtry  fngmti 
of  tufflcttnt  mu  tnd  velocity  which  Might  ctuit 
furthtr  dtMpt.  Flpyrt  3  l howl  tht  tfftcll  nf  t 
10  It.  (4.5  kg)  chirp*  of  HE  or  i  convtnt I  entity 
rt Inf creed  concrttt  lilt  uhllt  ft purv  I  I howl 
tht  tfftctl  on  l  rtlnforctd  concrttt  lilt  con- 
Uinlng  jFRC. 


L'SffiLi-  Tht  Atcaint  of  I  3?  *  3?  a  4  In, '800  * 
•00  «  100  mi)  Cunt  rot*  SUb  with  Can- 
vontlontl  htlnforclno  Aft tr  Caploilvt 
Tilting  with  10  lbs  (4.5  hq)  of  HE 
{•tf.  1,  ptgt  11). 


MWC  <■  Thli  Slab  hi  SlalUr  to  the  Ont  In  ffp- 
urt  }  t*«pi  fhtt  It  Contained  1-3/411  b* 
Volta*  of  0.017  *  1-1/J  In,  (0.43  * 

33  m)  rtatl  Flbtrt  (ftf.  1,  pipt  13). 


full  let  It  ttltl  by  Ltwnnct  Llvtraon  Libor*, 
lory  (4)  htvt  tHo  danonttrtttO  tht  tfftctlvtnau 
Of  lt*tl  flbtrt  In  reducing  tht  dtatgt  fro*  high 
tiploilru .  Ft  ports  S  tnd  6  llluttrttt  tht  tfftctl 
Of  49  Ibi  (7?  bp)  Of  hlph  taploilvti  on  $  ft  ■ 

5  ft  ?  18  lr.(I.S  x  1.5  a  0.45  a)  thick  tltbt  with 
Ho.  9  (73  M  dll)  Ortdt  60  nlnforclng  ban  on 

6  Inch  (HO  at)  cut  bin,  ttch  wty.  ttch  f»et.  Tht 
tltb  contiMng  flbtn  ultd  C.Olh  a  0.0 il  a  1  In. 
(0.75  a  0.55  a  75  m)  cut  thttt  flbcn  it  1.753  by 
voIipm  In  i  7.5  tack,  3/4  In.  (19  m)  mxIm  1 1  it 
tpgrepttt  ala  dttlgntd  for  4000  pit  {tt  HPt)  It  ft 
days.  Tht  convtntlontl  concrttt  Ml  tlallir,  using 

7  tacki,  3/4  In.  (19  aa)  tpprtptt*,  dtilpatd  for 
4000  Pit  it  ft  dtyt.  Actus  I  ft-dey  conpm.lvt 
itrtngtfci  wart  4300  pit  (X  *i)  for  tht  SI  PC  tnd 
4513  pil  (31  Wt)  for  tht  plain  eohcrttt. 


ConventlOdAl  be’nforted  Cor.  ,r*t»  SUb 
Unders  1  de ,  Aft er  Test  Shot  (Sef.  A. 

p  1?  • 


If,  K  t_  And  l»j>U  1 1 >  vf.  kPlAlDi 

tdj'ngton,  ft  el.,  [5]  used  t  pendulua- tyi-e 
'v-ift  aAthfne  to  cre'dAte  4  *  t  »  ?0  1".  long  (100 
»  '00  «  SOO  am)  scvclaens  of  steel  fiber  reinforc¬ 
ed  ao.'ter  end  conciete  Mdt  with  different  she  pcs 
Am  itrA.-.gths  o  f  Steel  fibers,  (totasH  •  Mreg *t* 
SI, as  were  Appro*1aAtely  3/8  end  J/4  In.  ( 4  And 
If  *e).  The  InpACt  reslstence  Of  the  steel  fiber 
rt,nforc»d  concrete;  (ncreeted  At  the  fiber  con- 
t*-t  tncreesed.  Of  four  flb«r  types  totted  a 
0,  ?0  In,  (0.C  m)  dfeaeter  by  ?  In.  (SO  »*>)  long , 
M,h  tensile,  erlaped  fiber  proved  *011  beneflclAl. 
in  r«4t*t  In  lapect  resilience  of  «oi  tfui  400 
PA" cap t  At  A  fiber  content  of  lets  thin  l->/4  per- 
ctnt  by  ve’yHt  «*r~A  aeesured  with  thlt  fiber. 
SUchle  And  Al-k*yye1*  [6]  found  that  ttAAl  fibers 
In  rAAAAd  the  iapACt  ASlitAnCA  of  ltjhtvHlght 
CO*  CrAtA  by  At  auch  At  three  tlaei, 

SwAAy  [7]  hAt  rAporttd  taproved  resistance  of 
Urol  fiber  re  I  r.  forced  slabs  tub.' Acted  to  repAAted 
drop  hell  totts  Fa  1  lure  In  thete  uttt  w«t  de¬ 
fined  At  occurring  only  when  a  hole  wet  punched 
through  the  stab  rether  then  by  AhAttering  of  the 
strb  Into  fragewnts. 


F  l_5U»tC_  6  A*1  nforced  SFAC  Slib,  Underside,  After 

Test  Shot  (*Af.  4,  bige  3S). 


5a  1 1 1  s  1 1  c  lapect  tests  using  saell  Amt  fm 
were  conducted  by  Hcus  And  WIlllAason  on  SFRC  doer's 
And  plAte  spec laer.t  [9],  Plete  tests  showed  the1 
i  to  4  Inch  ( ?S  to  100  Hi)  thick  SFAC  [  I  St  by  vnl- 
'■»  of  0.01  »  0  0??  s  1  (r.  (0,?S  «  C.SS  *  ?S  m 
cut  sh-et  fi’jArt)  resitted  penetritlon  frtsa  JO  cnl- 
ber  (7, 62  m)  aechlne  dun  fire  end  hl6  (7.6?  m: 
AHaunltlon  At  SO  yArdt  (4h  a)  with  no  vpAll'hd  ex- 
the  rc*erte  tide,  wberees  the  tern  thlcAnetiet  o 
p’iin  concrete  were  either  penetreted,  crecked 
through  or  thawed  tptlllng  on  the  reverse  tide.  A 
4-1/?  'nch-thlck  ( 1 1 S  hi)  SFPC  dose  resisted  All 
but  SO  cAltber  (12.7  ah)  aechlne  gun  bell  enamltlon 
And  a  6  Inch-thick  (ISO  e»)  done  resisted  penetri- 
tlon  by  SO  cAllber  Aenunltlon  for  a  lialted  rxjaber 
of  fir  ngs.  The  SO  cellber  eeaewittlon  penetreted 
or  ihettered  ple'n  concrete  pletet  6  to  7  Inches 
(150  to  17S  an)  thick  with  «  single  lapect. 
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Roewaldi  and  Raauy  conducted  Impulsive  lend¬ 
ing  tests  on  concrete  beems  4  x  6  *  72  In.  long  on 
a  clear  seen  of  63  Incites  (’00  x  150  mm  x  1.8  m, 

1.6  m  spar)[10].  Twenty  beams  were  tested,  all 
with  tensile  reinforcing  bars.  Helf  used  plain 
concrete  and  half  used  SFRC  with  21  by  volume  of 
0.0C6  In.  dla.  x  G.5  In.  (0.15  x  13  me)  long  brass- 
coated,  cold  drawn  steel  wire  fibers.  Three  SFRC 
beans  had  no  diagonal  tension  telnforclng  (stir¬ 
rups).  All  other  beams  had  stirrups.  A  special 
spring-loaded  apparatus  wat  used  to  Impulsively 
load  the  beams  at  the  third  points  with  sufficient 
force  to  cause  failure.  All  dynamic  tests  were 
performed  with  in  Initial  total  spring  load  of 
14,000  pounds  (62,275  newtons). 

Typically,  the  plain  beams  failed  In  compres¬ 
sion  and  all  load  was  lost  at  about  0.025  seconds. 
The  SFRC  beams,  however,  continued  to  support  the 
load  with  diminishing  oscillations  until  they 
stopped  at  some  final  residual  load.  The  fiber 
beans,  even  though  damaged  considerably,  were  able 
to  maintain  their  structural  Integrity.  The  re¬ 
sidual  loads  carried  by  the  fiber  beams  ranged  from 
4,900  to  11,900  lbs  (21,800  to  EJ.000  newtons). 

The  >-es1dual  load  carried  by  the  plain  reinforced 
beams  was  zero  [10]. 

The  three  SFRC  beans  without  web  reinforcing 
were  tested  statically  and  failed  in  flexure, 
rather  than  in  shear.  An  average  shear  stress  of 
444  psl  (3  MPa)  was  calculated  from  the  formula 
t  -  P/bd  from  a  maximum  shear  of  8,250  lbs  (36,700 
newtons).  Also,  In  three  of  the  SFRC  statically 
tested  beams,  the  tensile  reinforcing  bar  broke, 
an  unusual  occurrence  in  concrete  beams.  This  was 
because  the  SFRC  concrete  In  romp res si on  at  the 
top  of  the  beam,  maintained  Its  Integrity  Instead 
of  crushing,  providing  a  fulcrum  around  which  the 
relnforcinq  steel  could  be  continuously  strained 
to  c  hlgner  level. 

The  report  concluded  that: 

1.  Impulsive  loading  of  tKe  Magnitude  used  in 
these  tests  does  not  cause  sudden  failure  in 
the  fiber  reinforced  beams  such  as  the  sudden 
failure  observed  in  plain  beams. 

2.  The  Internal  resisting  moment  is  significantly 
greater  In  the  fiber  betxr  and,  therefore, 
permits  the  ber  '•>  absorb  more  energy. -  The 
beams  retain  -..dr  structural  Integrity  and 
carry  considerable  *'Sldual  load  through  a 
relatively  large  t%,lar  distortion. 

3.  Iii  the  event  that  the  fiber  concrete  does  fall 
In  compression,  the  failure  is  not  sudden  but 
preceded  by  extensive  deformation. 

4.  The  Increased  tensile  strength  of  the  concrete 
permits  the  use  of  fiber  concrete  without 
special  shear  r  '  *orcement. 


CASE  HISTORY  •  CONTAISCXT  -  OOUHREAY  REACTOR  ROOF 

In  1972,  SFRC  ms  used  In  construction  of  a 
reactor  roof  et  the  UKAEA  Fast  Reactor  at  Dounreey, 
Scotland,  because  of  space  limitations.  It  wrs 
desired  to  maintain  a  minlMa  depth  for  the  roof 
slab.  The  resulting  conventional  shear  reinforce¬ 
ment  would  have  been  difficult  to  locate  and  fix 
accurately  and  its  use  would  have  been  unduly  time 
consuming  on  the  construction  progrem.  The  solu¬ 
tion  ms  to  use  SFRC  to  replica  the  conventional 
shear  reinforcement.  The  SFRC  mix  used  180  lbs/ 
yd5  (107  kg/e’>  of  0.020  x  1.S7  In.  (0.5  x  40  am) 
deformed  fiber  in  a  8.8  sack  mix.  A  total  of  208 
yds  (159  •*)  ms  used. 

DESIGH  AIDS  FOR  CONTAINMENT  OF  NUCLEAR  STRUCTURES 

Two  general  articles  on  SFRC  for  reactor  and 
spent  fuel  shipping  cask  design/construction  are 
evailab>  [11,12].  Reammnt  [11]  proposes  •  gener¬ 
al  theory  for  the  elastn-plestic  and  cracked  be¬ 
havior  of  SFRC  with  reinforcing  bars  and  describes 
e  general  finite  element  program  which  predicts 
creek  propagation  until  failure  of  the  structure. 

It  also  accounts  for  thenu.1  cycling  conditions. 
Advantages  of  the  SFRC  concrete  “re  cited  as  re¬ 
sisting  Impact  from  brittla  failures,  increasing 
post-cracking  load-carrying  behavior,  high  energy 
absorption  and  lap  roved  seismic  resistance.  The 
fibers  are  not  used  to  replace  normal  principal 
reinforcement  but  are  used  together  with  classical 
reinforcement.  1-  the  process,  the  safety  factor 
for  she  structure  is  It*) roved.  In  the  case  of 
anchorage  zones  In  prestressed  concrete  construc¬ 
tion,  calculations  indicated  that  steel  fibers  in 
the  amount  of  2.8  value  percent  are  as  effective 
as  the  normal  bar  reinforcement  and  provide  a 
stlffer  anchorage  zone. 

Laug  and  Liihrmann  [12]  devtsad  and  tested  a 
high  density  steel  fiber  reinforced  concrete  to  use 
fur  radiation  shielding  In  a  cask  between  an  Inner 
liner  and  outer  steel  shell.  The  concrete  used  mag¬ 
netite.  hematite.  Iron  granules  and  steel  fibers. 

The  purpose  of  the  steel  fibers  was  to  aid  In  resist¬ 
ing  carnage  from  the  Impact  of  a  possible  accident. 
The  concrete  weighed  3.99  kg/dmJ  (250  lbs/ftJ)  and 
had  a  comoresslve  strength  of  5075  psl  (35  MPa). 

The  proportions  of  the  mix  and  amount  of  fibers  were 
not  specified. 

POTENTIAL  APPLICATIONS  FOR  BLAST  RESISTANCE  IN 
STRUCTURES 

Potential  applications  of  SFRC  reinforced 
structures  to  protect  against  blast  or  explosives 

Include: 

•  The  use  of  inflation-formed  SFRC  domes  for  air¬ 
craft  protection  or  personnel  protection. 

Domes  of  up  to  150  ft  (45  m)  or  mere  in  dia¬ 
meter  50  ft  (15  m)  high  and  3  Inches  (75  m) 
thick  are  feasible.  In  the  spherical  shell 
portior,  only  SFRC  Is  required.  Reinforcing 
steel  bars  are  used  around  openings  and  to  tie 
Into  the  foundation. 
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,  Herdenlng  of  missile  silos.  The  blest  insis¬ 
tence  of  such  structures  would  be  enhanced  by 
the  energy  absorbing  capabilities  and  ductil¬ 
ity  of  SFRC. 

,  Ammunition  storage  buildings.  The  reduced 
spalling  of  SFRC  would  reduce  detonation  of 
stored  explosives  by  Internally-generated 
mini les. 
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'  Abstract 

4l»st  waves  generated  by  detonations  of  HE 
or  fuel-alr-mlxtures  are  characterl zed  by 
their  peak  pressure  and  their  overpressure 
phase  duration,  l.e.  by  two  paraaaters.  But 
noratally  unconfined  fuel -elr-mi xtures  will 
deflagrate  generating  a  pressure  time  his* 
story  of  a  quite  different  shape.  In  con¬ 
trast  there  Is  a  relatively  slow  pressure 
rise  up  to  a  peak  value  followed  by  a  sud¬ 
den  decay  Into  a  suction  phase  the  alnlaua 
value  of  which  Is  of  the  order  of  the  over¬ 
pressure  peak  value.  The  overall  duration 
of  this  pulse  Is  comparatively  long.  For 
such  a  pulse  there  are  More  than  two  para¬ 
meters  necessary  for  a  complete  description. 
Despite  the  satall  peak  pressure  value  these 
waves  proveal  rather  dangerous  as  numerous 
accidents  have  shown.  Therefore  It  Is  de¬ 
sirable  to  get  some  Insight  Into  the  de¬ 
structive  mechanism  of  these  pulses.  To  be 
able  to  dm  that  a  special  slmu'atlon  device 
was  developed  which  will  be  described. 

4 

1.  Introduction 

Blast  waves  generated  ay  detonations  of  HE 
(High  Explosives)  or  fuel-alr-mlxtures  as 
e.g.  FAE  (Fuel  Air  Explosives)  are  charac¬ 
terized  by  their  peek  overpressure  ap  and 
their  overpressure  phase  duration  t+ .  Their 
pressure  decay  with  time  can  ba  described  by 
a  FR IE DLANDER- function  p-Ap( l-t/t*)etft/t*  ) 
for  which  only  these  two  parameters  are  ne¬ 
cessary.  The  same  Is  valid  for  the  pressure 
time  history  of  the  detonation  <f  a  fuel-air- 
mixture  as  Fig.  1  demonstrates.  One  gets  ve¬ 
ry  similar  pressure  pulses  -ode  can  say 
nearly  identical  ones  at  appropriate  dis¬ 
tances-  If  the  mass  of  the  charge  of  conden¬ 
sed  explosive  and  fuel-alr-mlxture  are  In  a 
certain  relationship.  Figure  1.1  shows  the 
peak  overpressure  of  blast  waves  generated 
by  a  small  high  axloslve  charge  -that  was 
In  the  example  62  g  of  Composition  B-  to  be 
much  higher  and  the  overpressure  phase  du¬ 
ration  to  be  much  smaller  than  that  one  of 
an  equivalent  fuel -air-mixture  at  the  same 
relative  distance.  In  this  example  the  fuel- 
alr-mlxture  was  a  stoichiometric  ethylene- 
air-mixture  containing  therefore  62  g  of 
ethylene.  If  the  distances  to  the  hemi¬ 
spheric  charges  are  chosen  in  suche  manner 
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Fig.  1;  Pressure  Time  History  «p(t)  of 
Detonating  Condensed  Explosive 
and  fuel-*1r-mixture 
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that  the  peek  overprts ! ures  art  the  IIH, 
tha  ovarprtisurt  phis*  duration  In  the  case 
of  th«  ethyl tnn-el r-ml » cure  Is  twice  the 
corresponding  vilue  of  the  condensed  explo¬ 
sive  as  fig.  1.2  ^lustretei.  #ut  If  the 
■iss  of  the  high  explosive  Is  st>  tines 
thi  ness  of  ethylene  In  the  stoichiometric 
fuel-alr-nlxtura  one  gets  no  significant 
differences  between  the  pressure  tine  his¬ 
tories  -for  high  explosive  this  Is  restric¬ 
ted  to  the  fir  field  of  lower  pressures- 
generated  by  Composition  8  or  by  the  futl- 
air-alxture  as  It  can  be  seen  In  Fla.  1.3. 
This  also  can  be  shown  In  tT>  noreafliad 
ap/Rm  -dlagrae  and  In  the  Jw/R^-dlagrea  of 
Fig.  2.  Since  this  diagram  demonstrates 
tha  overpressure  distance  relations  and 
the  impulse  distance  relations  to  be  almost 
Identical  for  Composition  8  and  ethylene- 
alr-nlxture  in  a  relatively  broad  range 
on*  can  conclude  the  corresponding  pressure 
time  histories  of  the  blast  waves  to  ba  at- 
aost  Identical  too,  as  was  shownby  Fig. 1.3. 
Thus  as  to  the  simulation  upect  the  pres¬ 
sure  tlae  histories  can  ba  treatad  In  tha 
aanner,  that  aaans  In  both  cases  the  stae 
well-known  slauletlon  facilities  cen  be 
used,  e.g.  shock  tubes. 
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Fig.  2:  Comperlson  of  Peek  Over- 

presture  ap  and  Impulse  J+ 
of  i  Heat  Have  Senerated  by 
Condanaad  Explaslvt  and  Fuel- 
alr-alxture 


2.  Outlining  the  Problaa 

If  thara  Is  not  a  high  Ignition  anargyllke 
that  of  a  datnnator,  noraally  an  uncon- 
flnad  fual -a  1 r-al xtura  doasn't  datonate.  It 
deflagrates .  Tha  sane  haoptns  In  tha  cast 
of  Ignition  failure  of  FAE  .  Experlaents  as 
wall  as  calculations  navi  shown  that  tha 
pressur  tlaa  history  of  purtly  deflagra¬ 
ting  fual  air  clouds  are  ouite  different 
froa  those  of  detonating  mixtures.  On  ac¬ 
count  of  the  quite  different  combustion 
process  there  one  finds  elso  quite  enother 
pressure  time  history.  In  contrast  to  the 
detonation  the  energy  conversion  is  slow: 
The  pressure  distortion  spreads  only  with 
sound  velocity  end  the  overpressure  rises 
elso  slowly  to  Its  peak  on  account  of  the 
expansion  of  the  hot  burned  ,"uel -al r-ml x - 
ture  which  compresses  the  surrounding  pure 
air.  In  the  near  field,  out  of  the  cloud 
boundary,  the  pressure  rises  to  a  velue 
which  Is  estimated  not  to  be  higher  than 
about  300  mbars  because  the  flame  vmloclty 
Is  limited.  If  energy  conversion  Is  finish¬ 
ed,  l.e.  If  ell  reacting  gas  Is  burned,  tht 
surrounding  compressed  air  flows  quickly 
Into  the  cloud  like  enimploslon  therefore 
outside  an  underpressure  Is  generated  which 
equalizes  again  slowly  to  the  normal  atmos¬ 
phere  pressure. 

This  deflagration  mechanism  results  Id  a 
more-perametrlc  pressure  time  history  as  It 
Is  shown  In  Fig.  3,  diagram  3.1.  This  curve 
was  racordad  at  mxparlments  £  1  j  wit!,  small 
methane  elr  fl  1  led heml spheres .  On  account 
of  the  small  voluma  and  therefore  also  low 
flam*  velocity  the  peek  pressure  Is  elso 
very  smel1,  3  mbers  ere  measured;  but  Its 
durition  Is  extremely  long.  From  the  begin¬ 
ning  to  the  end  It  tikes  about  400  ms,  I.e, 
tT-  200  ms.  This  Is  very  conspicuous  In 
comparison  with  tha  detonation:  a  slight 
rise  and  a  sudden  decay  to  an  underpres¬ 
sure  peak  and  a  suction  phase  with  a  dura¬ 
tion  of  tha  same  order  of  that  on*  of  :he 
ovarpressure .  The  corresponding  times  are 
nearly  the  seme.  I.e.  t**t_  or  I  +  »  1.,  reap. 

Calculations  which  OPPENHUN  (2]  had  done 
for  larger  oalloons  resulted  In  tha  tame 
feature  of  the  curve  as  one  cen  see  In  dia¬ 
gram  3.2:  For  a  balloon  of  50  m  in  diame¬ 
ter  ap-  100  mbars  by  naarly  the  came  pres¬ 
sure  duration  In  the  seme  relative  distance 
of  r/r*  .  5.  SIESBRECHT  at.  al.(3)  came  on 
tilt  basis  of  their  experiments  and  calcula¬ 
tions  with  bursting  vessels  to  the  conclu¬ 
sion  that  a  real  gas  cloud  explosion  In  • 
factory  cannot  generate  t  peak  pressure 
which  exceeds  the  value  of  ebout  0.3  bar 
end  a  maximum  duration  of  ovarprassura  of 
about  200  as.  That  Is  consldared  as  an  up¬ 
per  limit  and  It  Is  obvious  that  there  are 
variation!  depending  on  thm  cloud  size  and 
skapa  aa  wall  at  en  tha  kind  of  fuel  and 
Its  concentration  distribution.  Also  It  Is 
•  vldent  that  tha  dafl agratlon  pressure  time 
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history  is  defined  by  nor*  than  two  port* 
ntttrs:  e.g.  rat*  Of  pressure  rist,  peak 
over*  tnd  underpressure,  serval  duntions  is 
pressure  risi  tin.  oressure  changing  tin, 
duration  of  underpressure. 


Tig.  3:  Prossuro  Tin  History  of 
a  Deflagration 


These  waves  proved  sgntlns  rather  danger- 
out  too  despite  of  the  fact  that  their  peak 
pressure  values  are  such  tnller  than  these 
of  detonations  as  nunrous  accidents  espe¬ 


cially  in  chewicat  plants  have  shown  in 
the  past  and  as  e.g.  ten  ones  nntloned 
In  [3]  .  Therefore  It  tsend  to  be  desir¬ 
able  to  get  som  Insight  Into  the  destruc¬ 
tive  nchsnlsn  end  potential  of  this  tlnd 
of  pressure  pulses.  For  this  purpose  the 
pressure  tin  history  was  very  approxi¬ 
mately  simplified  to  a  shape  shown  in 
diagram  3.3  of  Figure  3.  For  the  further 
considerations  and  In  the  beginning  of  the 
experlnnts  It  seemed  allowable  to  reduce 
the  number  of  characteristic  paranters 
to  two  as  In  the  cate  of  detonatlvely  driv¬ 
en  blast  waves.  In  the  mentioned  Idealised 
curve  the  parameters  are  coupled  In  such 
a  oanner  that  ap.>  ap*.  In  the  experiments 
a P  ■  -O.B-ap*  or"ap  «  -1.3  op*  respective'  . 
and  the  pressure  rise  times  (0  *ai f  .  ar.  *  ) 
are  eech  45  X  from  the  total  duration  T 
end  the  rest  of  10  X  remains  for  the  pres- 
sura-changlng-tlma. 

-An  experimental  set-up  to  Investigate  the 
effects  of  deflegretlve  pressure  weves  on 
hit  structures  could  consist  of  non-sceled 
frte-fleld  get  explosions.  But  there  ere 
soae  considerable  difficulties  applying 
this  method.  First  of  all  In  order  to  get 
pressure  values  in  tha  daslrad  ranga  one 
would  heve  to  handle  fuel-air  clouds  or 
balloons  of  up  to  50  m  diameter.  That  needs 
e  lot  of  space,  time  end  not  at  last  much 
safety  requirements.  The  second  difficulty 
arises  from  the  fact  that  deflagration  is 
a  stochastic  process  due  to  turbulences 
and  distribution  of  concentration  thus 
leading  to  bad  reproducibility  of  the 
genereted  pressure  waves.  This  would  re¬ 
quire  a  g-eat  number  of  tests  In  order  to 
get  reliable  results  by  meens  of  statstics. 


3.  Description  of  the  Simulation  Device 

To  tvoid  these  handicaps  t  simulator  had 
to  be  found  and  developed  which  should 
permit  to  approximate  the  afore-mentioned 
idealized  deflagrattve  pulse  as  accurate 
as  possible  Including  the  possibility  of 
parameter  varletions  within  e  broad  ranga. 
After  experimenting  with  t  modified  shock 
tube,  slowly  burning  gun-powder  or  a 
comprassed  air  driven  piston  In  a  tube 
the  solution  was  found  to  i*e  a  two-chamber- 
facility.  With  the  help  of  Fig.  4  the 
construction  principle  shall  be  explained: 
The  simulator  consists  of  a  both-end- 
closed  tube  with  constant  dlanter  which 
Is  separated  pressure-tlghtly  by  a  wall 
-with  an  open  squared  section  In  the  middle- 
Into  two  equal -voluwlc  chambers.  At  the 
edges  are  tha  supports  for  the  areal  (two- 
dimensional)  sptclmon.  A  measuring  girder 
contained  displacement  transducers  fixed 
also  at  the  speclnn.  Pressure  gages  were 
also  mounted  In  thewsllsof  eech  chamber. 

In  tha  end  cover  of  chamber  1  Is  a  small 
opening,  In  that  one  of  chamber  2  a  port 
of  larger  diameter,  both  closed  by  a  mem- 


Print,  loth  tub*  itctlont  c*n  bt  fllltd 
liaultintouily  with  coaprttttd  » t r . 


crttttt.  Tht  prtugri  dtety  ovtrttktt  thit 
on*  of  tht  othtr  chtabtr;  In  tht  ovtrttklng 
Mwnt  th*  point  ti  achltvtd  whtr*  tht  prtt- 
turn  trt  tqutl  to  ttch  othtr;  In  tht  dlf- 
ftrtnct  prttturt  tlM  hlttory  It  attnt  tht 
ptttini  of  tht  t-txlt  tnd  tnd  of  tlaulttlng 
th*  ovtrprtttur#  pirt.  Off  froa  thit  ac- 
Mnt  tht  forct  tetlng  dirtetlon  rtvtrttt 
until  chiabtr  l  It  txptutttd,  Thtn  tht  un* 
dtrprttturt  pttk  It  tlaultttd,  but  Inchta- 
btr  1  prttturt  dtcay  It  going  on,  l.t.  tht 
fore*  F.-F.  In  dlrtetlon  to  ehttbtr  I  bt- 
cottt  tatuer  until  It  Is  O.whtn  ehttbtr  1 
It  txhiutttd. 

Thut  It  it  pottlblt  to  tlaultta  tht  tfftctt 
of  t  dtfltgritlon  wtvt  on  tn  trttl  ttruc- 
turt  by  rtvtrtlng  th*  forett.  Contldtrlng 
tht  lotd  It  It  tht  ttB*  tt  If  forett  trt 
tetlng  flrit  froa  ont  tldt  thtn  froa  tht 
othtr  tldt  or  tt  tht  ttat  tidt  chtngtt 
ovtr-  to  undtt-prttturt  rttptctlvtly.  ly 
t  skilful  cholct  of  tht  port  dltatttn  In 
tht  covtr  pittas  which  ctn  bt  ct'culittd 
by  the  forault  of  Dt  Stlnt-Vtnt1  /Wintitl 
(wS  *  2  g  */(»-!)  P i ^  1 1* ( P)P j ) )*xp( «*  1  y»} 
tnd  by  t  convtnltnt  tdtption  bf  tht  chta- 
btr  voluatt  it  will  it  by  coordinating  of 
tht  tlat  for  optnlng  tht  atabrintt  vht 
atntlontd  pirtatttri  could  ttslly  bt  In- 
flutnctd.  ly  thit  Btthod  thtrt  It  glvtn 
t  vtry  good  rtproduclblllty- 


In  tht  upptr  pirt  of  Fig.  5  It  shown  tht 
tlapllfltd  prttturt  tiaa  history  tnd  thtt 
ont  tchltvtd  by  tht  slaulitlon  dtvlct.  Tht 
tgrttatnt  It  vtry  good.  In  tht  lower  pirt 
of  this  figure  th*  deflection  of  t  glass 
p*"e  lotded  with  tnl.  pressur*  Is  plotttd. 


Fig.  t:  Construction  Principle  of 
t  Oeflegrttlon  Siaulttor 

At  th*  beginning  of  tht  exptriaont  both 
chttbtrt  trt  filled  up  to  t  pressure  which 
It  twice  th*  wtnted  petk-prttturt,  i.e. 
should  the  peek  over-  or  unoerprettun 
rite  up  to  106  abert  the  filling  prttturt 
aurt  be  200  abtrt.  No  bending  or  deflec¬ 
tion  forett,  which  would  brttk  th*  sptci- 
aen  ire  tetlng  on  It,  bectutt  they  tr* 
btltnctd:  F.  •  F..  At  th*  tine  t  •  0  the 
oeabr-m*  of  chtaler  1  consisting  of  pltttlc 
or  ittel  shtttt  It  destroyed  by  t  satll  HE  - 
ehtrge.  Air  leivts  through  th*  port  tnd 
llkewlt*  prettur*  dacrettet.  Thtt  actns 
on  the  other  hied  th*  difference  prttturt 
between  both  ehtaber*  rites  end  t  corre¬ 
sponding  force  Fj  -  lj  It  working  In  tht 
direction  to  ehtaber  1  deflecting  th* 
tpeclaen.  If  the  pressure  In  cheaper  1 
trrlvet  tt  htlf  *f  Its  atxlaua  vtlwe,  1.*. 
th*  peak  ovtrprtttur*  of  th*  d*fltgr*t1on 
pult*  (la  th*  *xaapl*  100  abtrt),  ata- 
brtat  2  will  b«  apa.iad.  On  tccount  of  tht 
ltrgt  epanleg  this  ebaabar  tagtltt  vtry 
quickly,  th#r«f#r*  th*  icting  fare#  da- 


Thtr#  trt  thrt#  curvtt:  tht  straight  ont 
glvtt  th*  txptrlatnttlly  found  deflection, 
tht  dotttd  on#  Is  th#  rttult  of  t  llnttr 
calculation  tnd  tht  crois-lint  It  thtt  ont 
of  t  non-llnttr  calculation  using  thatqut- 
tion 

F  •  d,  •  y  ♦  dj-y  ♦  d3 

with  F  ■  kL  o'  P{t);  kL*  load  ftetor 

t  •  tldt  ltngth 
of  th*  ptnt 

d,  ■  a  P(t)»tcting  fore# 

dg  •  dtnplrg  constant  F^-etst  ftetor 

d.  •  k.  R ( y )  R(y)*r#ttor1ng 

L  forct 

Significant  difftrtncts  bttwttn  txptrlasnt 
tnd  calculation  trt  only  found  In  tht 
tlaultttd  suction  phtst,  btetutt  tht  prtt- 
turt  tlat  history  In  this  part  wtt  not 
sufflcltntly  to  approxlattt  with  t  toltr- 
tbla  tffort.  Tht  btit  tgrttatnt  wtt  found 
tn  tht  prttturt  changing  phtst,  (what  tlto 
wtt  bait  to  ca'culttt). 


I 

Fig.  5:  Loading  and  Deflection  T1u« 
History  at  a  Glass  Pan*  [4] 


In  the  beginning  of  the  experimental  phase 
a  tmall  simulation  set-up  was  Installed 
with  tubes  of  1  ■  In  diameter.  At  Its  work¬ 
ing  was  successful  and  on  account  of  scal¬ 
ing  effects  a  bigger  one  with  tubes  of 
2.4  a  In  diameter  was  built.  This  one  Is 
shown  In  Fig.  (.  The  upfsr  picture  gives 
a  view  to  the  chamber  with  the  big  dis¬ 
charge  opening.  On  account  of  the  avail¬ 
able  membrane  sices  and  for  bettor  handling 
the  orifice  contains  three  openings.  The 
lower  picture  shows  tha  entrance  door 
through  whlcn  the  specimens  were  brought 
In  and  which  contains  two  small  discharge 
ports. 

A  groat  advantage  of  this  simulation 
facility  Is  that  the  same  specimen  under 
the  same  supporting  conditions  con  be 
loaded  statically  as  well  as  dynamically  In 
the  first  case  It  Is  only  necessary  to  fill 
the  chamber  2  very  slowly  with  compressed 
air.  Thus  It  Is  very  easy  to  compare  the 
dynamic  and  static  behaviour  of  a  speci¬ 
men  wlthovt  .changing  Its  position  on  the 
supports.  In  this  way  It  Is  also  possible 
to  ascertain  the  restoring  force  which  Is 


Fig.  6:  Views  of  the  Deflagration 
Simulator  (  4  1 


By  a  small  variation  of  tho  device  It  Is 
alto  possible  to  simulate  the  blast  waves 
of  •  detonation  within  a  certain,  a  little 
bit  raatrlctad  extent.  Chamber  1  must  bo 
minimized  to  the  smollost  volume  that  Is 
possible.  In  an  oxtreae  case  this  may  be 
not  core  then  tho  volume  between  tho  spo¬ 
ol  een  and  tha  membrane  vaulted  by  the 
comprttaed  air.  Fig.  7. 

Than  one  finds  a  very  sudden  rise  of  tho 
ac'.lng  force  In  chamber  2.  Tho  rise  time 
will  toko  a  time  of  about  S  to  5  ms.  Tbat 
Is  surely  more  than  tho  Infinitely  steep 
rise  of  a  blast  wave.  But  It  Is  accept¬ 
able  for  a  specimen  with  a  very  long  dura¬ 
tion  of  Its  nature!  notion,  since  then 
there  la  only  a  negligible  Influence  en 
the  dynamic  behaviour.  This  Is  mostly 
found  by  specimens  ultb  a  heavy  mass  like 
walTs  of  concrete.  In  Fig.  8  Is  plotted 
the  calculated  displacement  of  reinforced 
concrete  plates  versus  time. 

The  dotted  lino  shews  that  case  whoa  tho 
pressure  rise  takes  t.  ■  t.S  ms,  the 
straight  line  when  tbl  rise  Is  infinitely 
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'(  Abstract 

i  ^Experiments  to  investigate  the  response  of 
nodal  panes  md  aodel  brick  wells  to  da* 
Tlagratlve  pressure  pulses  war*  carrlad  out 
In  the  deflagration  tiaulaior  deserlbad  In 
part  1  of  this  paper. 

Calculations  bated  on  •  ont-degree-of- 
fretdon  oscillator  aodel  «ort  compered with 
the  test  result*.  They  led  to  *  set  of 
curves  in  the  seeled  pressure  Impulse  plant 
fro*  which  Itodaaage  or  destruction  curves 
were  derived  for  the  specific  objects  under 
Investigation.  These  curves  differ  fro*  the 
well  known  P-l-curves  for  objects  under 
blast  load  conditions  In  that  the  curves 
for  deflagratlve  loading  split  up  Into  two 
branches  In  the  region  of  saall  lapulses. 
This  Is  due  to  the  significant  underpres¬ 
sure  phase  of  the  def laqrative  pulse  which 
causes  resonance  effects  In  the  response 
of  the  loaded  objtct. 


1.  Experlwents 
Test  objects  were 

-  panes  of  the  site  SO  x  SO  x  0.3  cm* 
and  100  x  100  x  0.6  c*'  with  three 
different  support  conditions  at  the 
edges  (slaply  supported,  claaped  by 
a  aetal  fraae,  and  fixed  by  peraa- 
nently  plastic  putty) 


(10  at  to  88  as)  of  the  objects  under  In 
vestlgatlon  it  the  lower  Halt  and  approxl- 
aatlng  static  loadings  at  the  upper  Halt 
**f  the  tlae  Interval. 


Fig.  H  Speclaen  of  the  Nodal  Nasonry 
Slab  and  Coaparlsen  <f  IrlcSs 


-  aesonry  wells  (131  x  131  x  6  cn’) 
aide  of  1:2  scaled  aodel  bricks 
(Fig.  1.1)  fixed  at  tha  tdges  by 
staal  u-shaped  fraaes  and  claaplng 
devlcas  (Fig.  1.2).  These  wells  should 
aodel  a  slaple  structural  coaponent 
of  an  Industrial  building  freae  shown 
In  Fig.  2. 

The  load  consisted  of  approximated  static 
leading,  l.e.  very  slow  pressure  rises 
(slope  of  pressure  rise  of  about  10  ber/s) 
until  rupture  occurred  end  deflegretlve 
loads. The  peak  overpressure  varied  froa 
30  abar  to  200  abar  In  tha  cate  of  loading 
tha  panes  and  It  was  always  above  230  aber 
for  the  satonry  wells.  Total  pressure  pulse 
tlaes  were  in  the  range  froa  10  at  up  to 
750  s  thus  including  the  natural  periods 


Fig.  2:  Example*  fer  Nesenry  In  Steel 
Skeletons  at  e  Horkthep  Hall 


The  ettentlel  quantities  measured  during 
an  experiment  were  the  difference  pressures 
at  the  test  object*  end  the  defections  In 
the  middle  of  the  squire  plates  it  function 
of  tlae  (see  Fie.  S  of  Pert  1).  In  the 
cate  of  ststlc  loads  the  cea&lnattons  of 
aeesured  protsuro  tlae  Material  with  de¬ 
flection  tlae  MsteHes  '■eselt  in  experl- 
aental  restoring  funcH’--'-  toes  examples 
of  which  ere  shown  In  r\g.  3. 

The  curves  in  diagram  1.1  end  dlagrea  3.2 
respectively  ere  the  functions  for  snail 
panes  with  fixed  edges  and  eesenry  walls. 
AH  of  the*  ere  nonlinear.  The  Increasing 
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Thu  MIM  that  ObviOWlly  rtltfllictt  hhd 
occurrtd. 


/ 


Tig.  4:  Recorded  Pressure  trd  Deflection 
Tlat  Histories  of  Masonry  Sl.ibs 
(Oynaaic  toaJ) 


rt;,  3:  Static  load  Da  flection 

Curves  ef  r»l  s ss  Pants  and 
Musonry  Slabs 

slop*  In  th«  cost  cf  tha  panes  1;  dot  to 
•••brant  s  t  rt  s  »t  s  at  lar-ar  dlfUstUM. 
Tht  scattar  In  t*.  opts  of  tha  curyas  U 
ah  tffaet  cf  not  co^plaialy  rtpr;Juc lolt 
cltnpln^  of  th*  pants  -  It  U  significantly 
reduced  when  tn*  idgts  art  only  slap’y 
supper ttd .  del  of  ct'.'rst  thart  Is  stili  t 
considerable  scatter  of  nbnut  75  I  lit  tht 
rtsisinnet  te  rupture  o*  thj  ptrts.  DU- 
gr»a  3,f  shots  tht  ■tto'.ry  tails  to  ba 
•  laost  'inter  ta.'tic  tt  saall  daf  i»ct  Ions 
tnd  plastic  tt  ltiijt-  dtfltctloxt.  SettUr 
'S  tsstntlally„dMc  *.  ?  sctttt.  In  tht  aate- 
r  1  a  1  proptrtltt.  Tht  rtutori'j  funetlqns 
were  needed  for  tht  ctlculaiion  of  tht  b\.- 
1 st-«tnt lontd  dtstructlon  curvts. 


'n  tht  cist  of  short  defltgretivt  lotdlng 
dynamic  tfftets  could  bt  obstrytd.  To  glvt 
tn  tsaaplt  it  should  bt  aintlonad  that  in 
ctrttln  casts  of  dtflagrativa  leading  of 
tht  saall  pants  rupturt  occurrtd  In  tht 
undtrart? sur.  phtsa  at  prrsiurts  of  appro* 
latte’y  -54  abar  and  daflactlons  of  -8  aa. 
fti»  ovtrprastura?  and  tht  corrttpondl ng 
■•slay*  daflactlons  tart  «83  abtr  md  «Ttt 
rttptc t 1 vt 1 y .  Prtssurt  pulst  durations 
•are  100  as  and  77  as.  Tht  ttaa  it  took 
to  changt  iroa  pttk  ovtrprtsturt  to  pttk 
undtrpressurt  was  10  %  of  tha  nulsa  dura¬ 
tion  and  tharafora  It  Mas  In  tha  rang#  of 
the  natural  ptrlod  of  tha  panas  (10  at). 


Anpthtr  tsaaplt  for  dynaaH  tfftets  It 
llluttrattd  in  Fig.  4.  Diagraa  4.1  rt - 
prtstntt  tha  pratturt  tint  history  of  tha 
load  Mhllt  diagrae  4.7  shorn  tht  correspon¬ 
ding  dJfleet'on  t1»e  history  of  •  attenry 
m«1'.  lhtra  is  a  tafinita  daisy  bttMtth 
piyssurt  aatlcua  fa'nimua)  and  dafltctlon 
atslaua  (alnlajd)  which  It  cautad  by  tha 
inartla  of  tht  MrM.  Tha  alhlaua  daf  lactlon 
is  about  (  tlaot  Urgtr  than  tha  atslaua 
deflection  tnUs  tht  relation  of  prastura 
ain1.ua  to  prtstart  aaslatta  It  about  1.3:1. 

Tht  wall  Mat  not  dest-oyad  though  toaa 
cracks  had  foratd.  Thtst  crarks  having  a 
Mtdth  of  toaa  tanth's  of  allUattarr  and 
therefore  balng  -jlourtd  by  black  Ink  for 
vlsual'iatlon  purposat  art  thonn  In  Fig.  5. 
At  tha  front  tldt  thart  trt  tht  typlctl 
dugontl  cracks  and  at  tht  rttr  tht  cracks 
art  ptr«l lal  to  tha  tdgts.  In  this  contast 
tht  front  sld*  of  tht  w«11  Is  that  sldt  on 
Mhlch  tht  ovtrprtssurt  acts  tt  tht  beptn- 
nlng  of  tht  ortssurt  pulst,  Mhlch  atan:, 

♦ht  Mali  In  Fig.  5  balng  btnt  away  froa  tha 
chaabtr  I  during  tha  oyarprtsswra  phasa 
and  balng  bant  towards tha  chaabtr  7  during 
tht  vndtrprtihwrt  phtst.  heaping  this  tn 
alnd  ont  can  conclude  froa  Fig.  5  that  tha 
cracks  aust  have  foraad  as  a  rasult  of  tha 
undarprtssura  phasa  Mhlch  Is  plausible 
considering  the  deflections  of  Fig.  4. 

Ftnelly  Fig.  6  gluts  tn  Illustration  of  » 
destroyed  pent  tnd  a  dastroyad  masonry 
Mall.  For  thtsa  objects  dtstructlon  mss 
defined  as  coaplt’t  frtgauntlon ,  which 


>Wt  »'  anu  *»• 


•Ka  I)  UpilllMmt 


Fig.  6:  Destroyed  Specimens 


2.  Calculations 

It  Is  wall  known  fro»  structural  dynamics 
that  •  one-dagrae-of-froado*  systew  can 
b*  used  to  describe  the  frost  behaviour 
of  single  structural  elements  sues  as 
plates  with  sufficient  accuraxy .  Consider 
tha  equation  of  notion 

*x  ♦  8(x)  •  F(t) 

where  x  is  tha  displacement  of  tha  nats  a, 
E  Is  tha  acceleration,  Ms'  Is  a  restoring 
force  sad  f(t)  Is  tha  tine-dependent  as¬ 
ternal  force  acting  on  tha  nats  a.  In  this 


Fig.  8:  Deflection  Maxine  tit  the 
1.  ferlod  of  Oscillation 

The  raasnas  for  neglecting  damping  are  dis¬ 
cussed  extensively  by  laker  at. el  (7). 
Equating  the  work  done  l>y  the  external 
forces,  the  kinetic  and  the  potential  en¬ 
ergy  of  the  aMdnl  and  the  real  system 
respectively  yields  trensforaatton  factors 
for  the  nats  a*,  restoring  force  8*  and 
external  force  F*  of  the  physical  systen 
such  that  the  folloulng  relations  hold  181. 

•  ■  o*,  *  -  ««>,  F  •  kL  F* 

Kith  respect  to  the  previously  sheen  re¬ 
sistance  functions  of  the  masonry  walls 


th*  restoring  forct  A*  t»  spprgx  -ate4  by 
the  srctan-functlon 

■*  '  *5*  ,rctifl  ji r/b 


end  the  external  fore*  f*  It  to  ba 

the  simplified  deflegrattve  pulse  (to* 

rig.  7). 


Applyinq  the 

fel  lowing 

transformations 

t  -eut  •']! 

IT  e* 

tins 

force 

displacement 

one  finally  gets  th»  nonllnair  dimension¬ 
less  second  order  differential  equation 

»  ♦  jj  -  »rc tin  ! y  0*  )  ■  f( t) 

This  equation  tt  In  t  ha  Halt  for  0-0  * 

1 intar  equation  i I nee 

Ht  1  j  *  re  ten  [1  Q»  )  .  « 

O-o  w 

Hence  for  mil  Q  It  ihoutd  approx  latte  the 
reiponie  of  the  above-mentioned  panel  the 
resistance  function*  of  which  did  not  do  - 
v late  too  much  from  linear  function!. 

Solving  the  equation  by  nuaerlcal  aethodt 
(4th  order  AUMSE -KUTTA-method .  Initial 
conditions  1  ,  !  •  0)  for  a  certain  normal¬ 
ised  putte  0  0  f(l)  the  duration  of 

which  It  T  tn  outlining  dliplaceaent  t 
at  a  function  of  the  tiara  l  It  obtained. 

Only  the  flrtt  period  of  thlt  ossillatlon 
It  of  Interest  since  actually  damping  will 
attenuate  the  deflections  of  physical 
structures  In  later  cycles.  1  ce  one  can 
consider  the  maximum  display  nt  1  and 
the  mlnlansm  displacement  «  ,  ,  bothM’tei- 
on  froa  the  first  period  "  of  otsllle- 
tlon  at  the  euantltles  which  are  essential 
for  the  response  and  the  eventual  failure 
Of  a  structure. 

Perforate*  the  calculations  for  different 
pulse  durations  T  one  obtains  I  and 
as  functions  of  T  with  4  Q.F./P 
as  a  peraarater  III  .  fie.  8  shows'  0 
a  plot  of  the  function  !«.,(')•  The  aermal- 
Itee  deflectlun  function  for  Q-O.I  It 

almost  Identical  with  the  curve  for  a 
linear  restoring  force.  A  comparison  of 
the  calculated  deflections  for  small  0 
with  the  experimental  points  for  the  panes 
shows  a  relatively  good  agreement.  Addl- 

« 


tlonal'iv  to  the  displacement  curves  the 
brolen  lines  represent  curvet  with  dlf- 
ferent  constant  multiples  of  the  normal- 
Had  elastic  displacement  tn  at  para¬ 
meter  (definition  of  t..  tee  fig,  7. 

Since  Q  •  fi /*.  and  1  A  •  kxt,  one 
9.t.  a  .,/!)). A  0  n 

In  the  1  experiments  with  metonrv  walls  the 
slabs  were  fragmented  at  deflections  ap¬ 
prox  let  tl  v  is  large  at  the  wall  thickness 
ISi  .  This  corresponds  to  70  to  10  times  the 
elastic  displacement  xr,  of  the  walls, 
fig.  8  Illustrates  the"  corresponding  ex- 
pertmer.tal  points  to  be  Invtrlnityof  the 
dashed  curve  with  parameter  30  1^. 

fig.  9  shows  the  curves  i  ,  *•  functions 

of  the  normalised  pulse  n  duration  with 
0  at  parameter. 


fig.  9:  Deflection  Minima  In  the 
I.  Period  of  Oscillation 

According  to  those  curves  tlgnlftcent 
resonences  should  occur.  The  normellsed 
test  values  for  the  destroyed  masonry  wells 
ire  In  the  reege  of  IS  to  IS  tints  tho 
elastic  displacement,  that  is,  in  the  ap¬ 
proximate  range  of  well  thickness,  follow¬ 
ing  tho  procedures  described  In  I  9)  one 
can  uso  tho  normellsed  diagrams  of  fie.  C 
or  9  to  calculate  dimensionless  (>-f|- 
dlafrems.  Slece  the  total  impulse  of  tho 
assumed  simplified  defle|retlv«  pulse  is 
egusl  to  zero  ont  can  consider  tho  impulse 
or  tho  positive  phase  I  which  together 
with  tho  post  force  completely  character¬ 
ises  the  deflsgretive  pulse. 

Using  the  following  -elatlens 


f  ,/k  I 


fur  the  peek  fwree 


*•«>  *1* 


'•■J-T- 

»|1 

P! ' 

*  :  .1  ..  . 


for  the  positive  Iwpelte 


%i  A  , 

/ 

'  -  i 


v  .JB+ 


'  0  >  t'»  j  8»/«  VI  10 


//  ///// 


1  o  v*Oh  *  1  *  V.0 

•  »Or.f  •  \  •  1 1 

8  .  u 

_  i»  :  U’l 

lt(.  It):  R-T-Dtagrem  for  tho  Lo»d  of  tho 
Ont-Degree-o  -F r a adorn Oic lllator 

ono  obtains  tho  curvet  of  Ftp.  tO  which  It 
Haply  (  somewhat  different  presentation 
of  tho  cut  vet  of  Fig.  6. 

Finally  ono  eon  replot  tho  fragmentation 
curve  Introducing  tho  phyttcal  parameter! 
of  the  wallt  to  obtain  tho  dlmontlonal 
P-1 •repretentatlon  of  the  eurve  thown  In 
F<g.  11.  It  auat  be  noted  that  tho  pres¬ 
sures  and  lapuliet  of  thin  dlagran  t'o  the 
quantities  acting  on  the  wall  which  meant 
that  they  are  normally  reflected  pressures 
and  Impulses.  Assuming  reflection  factors 
of  I  for  both  quantities  at  in  the  acoustic 
tlmlt  cf  blast  waves  one  could  eastly  get 
the  corresponding  P-l-dlagran  for  the  Inci¬ 
dent  waves.  The  dashed  part  of  the  curves 
indicates  that  this  range  of  the  solution 
(t  of  no  phyttcal  meaning  since  under¬ 


pressure  phase  and  overpressure  phase 
should  be  of  the  same  magnitude  according 
to  the  assumptions.  It  may  even  be  doubted 
thet  there  eattt  reflected  deflagretlve 
pressure  pulses  having  a  peat  pressure 
value  close  to  one  bar  and  still  being 
symmetric.  The  deflagretlve  cloud  eapert- 
ments  known  to  the  authors  which  are 
essentially  small  scale  eaperlmontt  give 
no  indteettons  of  peak  pressure  values 
above  J00  mber.  (61  €S8(kCCHT  et.  el.)  IJI 
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Fig.  II:  Destruction  Curve  for  a 
Masonry  Wall 


Fig.  n  cloorty  Illustrates  tho  effects  of 
the  underpressure  photo  on  tho  loaded  ob¬ 
ject.  There  Is  •  region  of  resonances  be¬ 
tween  the  two  ‘.ranchos  of  the  .Instruction 
curve  In  which  deflagretlve  pulses  should 
destroy  the  walls  (objects)  by  their  under¬ 
pressure  photo  but  not  by  tho  ovorproature 
loading.  For  reasons  of  comparison  a  third 
curve  bettd  on  the  calculations  of  may»- 
HOFCR  end  THOR  MO)  for  blast  loaded  elas¬ 
tic-plastic  objects  Is  plotted  In  Mg.  11. 
In  the  static  loading  ranee  the  effects 
of  a  blast  wave  and  a  deflagretlve  weve  of 
the  sew#  reflected  peak  overpressure  end 
the  same  reflected  positive  Impulse  are 
equal.  la  the  range  where  resonance  to 
deflagretlve  loading  occurs  tho  deflegre- 
tivo  wevt  may  destroy  the  objects  while 
the  blast  wave  does  not. 
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Ftg,  13:  Destruction  turn*  for  Nssonry 
Wells  snd  A-I-Aolstlon  for  De- 
flegretlng  floudi  ;  III,  Meae 
tpeed  ?p  a/e 1 


r  1  9  .  13  Destruction  Curves  (Solldllnes: 

Overpressure  Olstence  deletions 
according  to  Cppenhela  ft)  H  ocm 
Keloelt y  30  m/t) 


Mnelly  on*  cen  coablne  the  destruction 
Curve  of  the  F • ; - 0 1  pares  stth  the  Over- 
prossur* -dt I tenc •  relations  for  esplodlng 
clouds.  Since  there  *re  only  e  fee  eeperi- 
•ents  on  e  tae  1 1  icele  bells  with  deflsgre- 
tiny  clouds  end  since  therefore  the  pres¬ 
sure  end  tanulse  dtstence  relations  ere  not 
really  »r  <n  for  deflagrating  clouds  et  e 
first  approach  to  the  problta  the  corre¬ 
sponding  reiettons  celculeted  by  OhhfhMEIK 
et.el.  ere  taken.  Alsuatng  e  lealner  fleas 
speed  of  20  m/t  end  reflection  fectors  of 
I  the  straight  lines  in  Mg.  13  represent 
the  OhPthHClH  ores  sure  -  lapu 1 se • re  I  e t iuns 
for  constant  cloud  redtl  end  constent 
dtstence  rcspectlyely.  deflected  pressures 
end  lapulses  ebove  end  to  the  right  of  the 
destruction  curve  all)  rupture  the  we 1 1 
end  It  cen  eestly  be  teen  et  which  cloud 
redlut  end  et  which  dtstence  froa  the  cloud 
the  fregrente t ton  could  occur. 

Another  represents t  ion  for  destruction 
curves  wet  developed  by  SCHAD01N  <Mj  for 
nuaerout  blest  loeded  objects.  Agsln  btied 
on  OPPtdhttH's  121  cilcuittlons  for  de- 
flegretlng  clouds  tnd  etluaing  thi  fleas 
speed  to  be  IC  m/t  et  ebove  one  gets  In 
tnts  kind  of  repre sen t c 1 1  on  the  destruct Ion 
curves  of  Mg.  13.  Pressures  snd  lapulses 
In  this  dltgrea  ere  the  i n. 1  den t  gwtnt 1 1 le s 
end  the  destruction  curves  in  penes  snd 
wells  ere  derived  f'oa  the  ccrrttpondlng 
P- I -dleg-eai  estuatng  reflection  fectors 
of  3. 
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"Idstt  made  at  RSFA  hav  ,-noi.n  how  tha  pressure  on 
tht  wall  of  a  atruCurc  from  dcconatlona  of  ex¬ 
plosives  in  sand  dapanda  not  only  on  tha  explosive 
and  it*  distance  to  the  wall  but  alio  on  tha  pro¬ 
perties  of  tha  wall  (e  g  mb*  and  itlffnaaa).  Tha 
papar  give*  data  fro*  thaaa  taata  and  a  suggested 
procadur*  for  daaign  of  wall*  in  burlad  atructuraa 
exposed  to  datonattona  affect*.  Tha  procedure  1* 
baaad  on  an  anargy-abaorptlon  concept. 

■■ 

BACKGROUND 

Many  data  on  ahock  wave*  In  aand  ganaratad  by 
axploaiva*  can  b*  found  In  lltaratui*.  Host  of 
thaaa  however  ara  fraaftald  data  of  Halted  value 
to  the  engineer  to  design  structures  In  aand  to 
withstand  the  affect*  of  detonation*. 

Some  source*  a  g  /l/  and  Hi  give  peakpressure  and 
impulse  density  on  an  Infinitely  rigid  wall.  A 
pressure  Increase  factor  of  2.0  and  an  Impulse 
increase  factor  of  2.6  are  suggested  relative  to 
tha  corresponding  freefleld  values. 

Ordinary  structures  arc  more  or  las*  compliant 
whan  exposed  to  loads.  This  1*  true  also  for 
hardened  structures.  In  order  to  get  a  better 
understanding  of  the  affects  on  different  struc¬ 
tures  from  axploaiva*  In  aand  a  research  prograa 
was  started  at  tha  RSFA  a  couple  of  veara  ago. 
Responsible  for  this  program  Is  Staffan  A  Rultgran. 
Results  hav*  bean  published  in  /3 /  and  /A/. 

PROBLEM  AMD  TEST  DEVICE 

Tha  problem  can  b*  Identified  froai  figure  1.  A 
rigidly  supported  wall  1*  exposed  to  a  detonating 
charge, Q  ,  at  a  distance,  r,  and  with  a  depth  of 
burial,  d 


Figure  1.  Cone*?:. 


The  behaviour  of  walla  with  different  aites  and 
different  designs  for  different  values  of  these 
parameters  are  studied. 

il.A  basic  parameters  irr  lancing  the  structural 
behaviour  of  a  wall  exposed  to  a  dynamic  load  are 
ms  mass  and  stiffness. 

To  facilitate  a  study  of  theta  parameters  a  test 
device  according  to  figure  2  was  designed  where  the 
mats  and  stiffness  of  the  front  could  be  varied 
Independently.  The  front  consisted  of  a  0.34  m  dia¬ 
meter  circular  disc  supported  by  a  horlsontal 
movable  axis  on  ball  bearing  and  by  a  helical 
spring  all  within  a  295  kg  18  si  long  steel  cylin¬ 
der. 

The  man*  of  the  disc  vat  varied  from  5.2  to  105  kg 
and  springs  war*  used  with  sprlngconstant*  ranging 
from  0.1  to  1.2  HM/n. 

The  pressure  against  the  disc  and  Its  acceleration, 
velocity  and  displacement  tier*  measured. 

The  pressure  measured  on  the  disc  is  then  compared 
with  the  inertial  pressure  and  Che  preesura 
corresponding  to  the  spring  force. 

The  Inertial  pressure  can  be  calculated  from  the 
measured  acceleration  using  Newtonr  2nd  law  of 
motion.  The  spring  force  la  equal  to  measured  de¬ 
flection  multiplied  by  tha  spring  constant. 

A  comparison  between  that*  three  pressure  components 
Is  given  for  different  maoees  in  figure  3.  Mate  acd 
stiffness  both  contribute  to  the  pressure.  Vhil* 
the  Inertia  forces  develop  momentarily  the  forces 
from  the  spring  develop  as  the  deflection  Increases . 

Conclusively  more  mass  constitutes  a  shorter  rise- 
time  for  the  pressure. 

It  should  be  pointed  out,  that  the  duration  of  the 
pressure  indicates  that  not  only  the  mass  of  the 
dlar  but  alto  parts  of  the  mass  of  sand  between 
che  chaise  and  the  wall  contribute  to  the  structural 
behaviour. 

From  figure  3  Is  clear,  that  the  pressure  is  de¬ 
pendant  on  the  properties  of  tha  wall  and  also  that 
tha  duration  of  the  pressure  exceeds  by  fer  the 
fundamentsl  period  of  the  wall.  Neither  the  pressure 
nor  the  Impulse  Is  therefor  well  suited  for  design 
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WALL  TESTS 

The  Initial  teat  series  with  the  device  In  figure  2 
vas  followed  by  tstta  where  will*  supported  along 
the  four  edges  were  examined.  Concrete  vi'la  In 
•cal*  ..1.3  and  In  full  »e*l«  with  different 
thicknesses  and  different  mount*  of  r*inforcm*ftt 
were  tested.  Absorbed  energy  by  th*  wall-slab  when 
deforming  was  c*lcul*t*d  according  to  yleld-lln* 
theory.  A  atralght  ltn«flt  to  calculated  v»lu*« 
gives  the  apeclflc  «n*rgy  per  unit  area  of  th* 

•l*b  to 

Ee/Q1/3  •  1040  (r/Q1/3)  -kg1^3 ) 


The  ldealleed  d«fon»*tlon  of  th*  *l*b  1*  shown  In 
figure  4.  The  fonsula  for  B*  show*,  that  th* 
dlstancr ,  r,  1*  highly  »lgnlflc*nt  for  th*  *n«rgy. 
Tht*  man*  alto  that  the  *n*rgy  d«n»lty  1*  un¬ 
evenly  spread  over  th*  Jlab.  Th*  parti  of  th*  *l*b 
n**r  th*  *upport*  *r*  »r*  reaot*  fro*  the  charge 
than  ch*  nldpolnt  Conclusively  they  will  be  •*- 
posed  to  a  lo’/wr  d*n*lty.  Th*  *p«ciflc  energy  can 
be  averaged  over  th*  *l«b  by  integration*  In  »n 
iterative  procedure  giving  a  factor  t  . 


Table  1  give*  data  for  the  concrete  valla  tested. 
It  alto  gives  th*  specific  energy,  Ea,  calculated 
using  th*  averaging  factor^  .  Ea  Is  given  at  a 
function  of  the  apeclflc  dletanc*  In  figure  5.  The 
equation  for  th*  atralght  line  la. 

Ee/f^-Q1^3)  *  1540  (r/0l/3>  lW(e3-kgl/3> 


Two  of  the  leata  vs  re  nada  in  coispacted  sand  vhtle 
th*  other  vert  Bade  In  loot*  sand.  This  difference 
In  compaction  did  not  give  any  significant  diffe¬ 
rence*  In  th*  teat  results. 


Figure  4.  Slab  vlth  yield  lines.  Elevation  and  sections. 
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Table  1.  bet*  for  th*  tested  ccmrete  valla. 
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Tha  equat Ion  for  Ea  can  be  'iaad  for  design  purpoaaa. 
With  the  an*rgy  tranealttad  Co  tha  wall  fronwtha 
datonation  calculatad  with  thlc  aquation  tha  doalgn 
engineer  than  haa  to  find  dtsanalcna  of  tha  wall 
and  reinforcement  In  It  ao  that  thla  energy  can  ba 
abaorbad  without  deformation*  aacaadlnf  panalctad 
valuaa . 

Tha  aquation  ao  far  la  baaad  on  data  within  tha 
Interval  0.63  to  1.26  for  tha  apaclflc  distance, 
r/Q1^,  and  with  tha  chatga  on  tha  axis  of  aymmatry 
of  tha  wall . 

In  order  to  check  tha  formula  outatda  thaaa  llalta- 
tlona  aoM  aora  taata  have  bean  parforaad.  In  thaaa 
teata  tha  ahapa  of  the  daforaad  wall  la  anclyxad 
ualng  photograamacrlc  method*.  Figure  6  a  how  a* 
an  aaaapla  a  plot  of  tha  daforaad  ahapa  of  a  a  lab 
after  taat.  Tha  aeaeured  deflect  Iona  can  ha  uaad 
for  a  aora  aophlat Icated  calculation  of  tha  anargy- 
abaorptfon  In  tha  wall  than  with  tha  aodal  In 
figure  4. 

Preliminary  raaulta  f  ran  thaaa  taata  aupport  tha 
ualng  of  tha  aquation  for  (a  for  daalgn  purpoaaa. 


coacLusioos 

The  taata  parforaad  on  concrete  walla  aapoaad  to 
affacta  froa  detonating  chargee  In  aand  aupport 
the  uaa  of  tha  anargy-abeorpt ion  concept,  outlined 
In  tha  report,  for  daalgn  purpoaaa. 


IDlUKEi 

III  Schall,  »,  uhor  Drue kwa lien  bal  Iprangungan 
Sand  uad  eaadlgen  todan,  Pohal  Baft,  p.76. 

Hal  1M0. 

12/  gffecta  of  Impact  and  Exploalon.  ■  Summary 
Technical  laport  nf  tha  Rational  Dafanaa 
taaaarch  Committee.  Uaahlngten  D.C.,  1*66. 

Ill  lultgran,  S  4,  Baapooee  of  hurled  Nodal  Struc¬ 
ture*  to  lurlad  TRT-gxploalona  In  Send.  Proc 
6th  International  Sympoaiua  on  Military  Spoil- 
cation*  of  Bla*  Slmilatlon.  Cahora,1979. 

/ 6/  lultgran, S  A,  laaponaa  of  Reinforced  Concrete 
Wall*  to  iurlod  Ixploaton*  In  Sand.  Proc  uh 
International  Sympealta  oo  Military  Applica¬ 
tion*  of  llam  limitation,  Medicln  Bat,  19S1. 


2.2 


JDP001747 


EFFECTS  EF  BARE  AND  CASED  EXPLOSIVES  CHARGES 
ON  REINFORCED  CONCRETE  MAILS 

Hansjdrg  Heder 


Ernst  Besler  1  Partners 
Consulting  Engineers 
8029  Zurich  /  Switzerland 


ABSTRACT 

his  ptptr  represents  a  suanmry  of  an  extensive  in¬ 
vestigation  concerning  the  locil  effects  of  here 
end  cesed  explosives  cherges  on  reinforced  con¬ 
crete  wells.  The  investigetion  includes  e  litera¬ 
ture  search  as  well  as  several  tes;  series.  As  a 
main  result,  charts  for  the  prediction  end  compari¬ 
son  of  the  effects  of  here  and  cased  explosives 
cherges  art  developed. 


of  the  stored  emninition. 

As  another  example,  a  safety  problem  within  an  am¬ 
munition  factory  can  be  mentioned.  This  was,  in 
fact,  the  actual  problem  which  stimulated  our  in¬ 
vestigation  (Figure  2).  The  question  was  whether  or 
not  a  dividing  wall,  designed  to  withstand  an  un¬ 
cased  charge  of  10  kg  of  TNT,  could  protect  a  work¬ 
shop  place  from  a  detonating  HE  grenade  of  calibre 
1S5  m  containing  6.8  kg  of  explosives. 


The  most  important  conclusion  is  that  cased  char¬ 
ges  result  in  perforation  of  rtixforatd  oonorete 
kUllt  at  distances  to  tan  tire*  tapper  than  bare 
charges  of  the  same  weight.  Vice  versa,  given  the 
charge  weight  end  the  distance,  the  wall  thickness 
required  to  avoid  ptrforetlon  is  up  to  three  times 
larger  for  cased  charges  than  it  is  for  uncased 
charges.  Hence,  It  becomes  evident  that  simulating 
local  effects  of  weapons'  with  bare  charges  -  as  of¬ 
ten  done  for  practical  reasons  -  may  lead  to  consi¬ 
derable  underestimation  of  the  actual  effects. 


In  this  paper  the  damage  to  reinforced  concrete 
slabs  from  bare  explosives  charges  and  weapons  de¬ 
tonating  at  or  near  such  slabs  is  discussed. 

Is  this  topic  still  of  such  interest  as  to  give 
rise  to  a  detailed  investigation?  The  need  for  re¬ 
liable  data  on  the  effects  of  explosives  cherges 
and  weapons  detonating  close  to  walls  is  not  neu. 
However,  it  becomes  of  immediate  Interest  1r  con¬ 
nection  with  some  actual  defense  and  safety  pro¬ 
blems. 

As  an  example,  a  small  free-standing  mmmjnition  ma¬ 
gazine  is  shown  In  Figure  1.  The  ammunition  stored 
therein  might  explode  or  otherwise  be  deamgeii  by  a 
hostile  attack.  In  tha  course  of  analyaing  surviva¬ 
bility  chances,  the  probable  circular  error  (CEP) 
of  the  relevant  weapons  has  to  be  coopered  w4th  the 
size  of  the  target  tree.  But  the  virtuol  target 
art*  strongly  depends  on  the  distance  to  the  build¬ 
ing  at  which  a  detonating  grenade  or  bob  can  de¬ 
stroy  the  well  end  possibly  initiate  a  detonation 


Soma  data  referring  to  these  problems  can  bg  found 
in  various  handbooks  and  in  the  literature.  Infor¬ 
mation,  however,  as  to  which  cases  are  really  re¬ 
ferred  to,  is  generally  rather  poor.  In  particular, 
it  is  not  possible  to  makt  a  distinct  coaparison 
between  the  effects  of  bare  and  cased  charges.  On 
the  ether  hand,  it  was  clear  to  us  from  a  faw  ear¬ 
lier  tests  that  casing  does  affect  the  resulting 
damage  significantly. 

With  the  purpose  of  proving  our  knowledge  con¬ 
cerning  this  problem,  an  investigation  was  perform¬ 
ed,  including  the  following  three  steps: 

•  Existing  data  were  gathered  from  earlier  tests 
and  fror  litarature.  A  nueber  of  87  tests  was 
evaluated  with  respect  to  information  regarding 
this  problem. 

-  Three  complementary  test  series  including  a  to¬ 
tal  of  46  tests  wart  conducted  in  order  to  allow 
for  a  systematic  variation  of  parameters. 

-  Design  charts,  both  for  bare  charges  and  cased 
charges,  have  been  developed  and  compared  to 
each  other,  moreover,  an  extensive  collection  of 
photographs  has  been  published.  This  eight  give 
a  better  Insight  into  the  actual  phenomena  than 
any  theoretical  model. 

As  the  most  laportant  conclusion  it  has  been  recog¬ 
nized  that  cased  charges  can  rroduce  perforation 
of  reinforced  connate  wells,  if  detonating  at  dis¬ 
tances  of  up  to  ten  times  laiger  from  the  well  than 
uncased  cherges  of  tha  semi  weight.  In  the  cast  of 
the  above -mentioned  aamunition  eagazint,  the  dis¬ 
tance  froa  which  a  projectile  or  bomb  detonating 
above  ground  an  destroy  tn  outer  well,  determines 
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the  slie  of  the  virtual  target  im.  Thus,  It  ti 
essential  to  realli*  the  big  difference  In  the  des¬ 
tructive  rang*  of  bar*  and  cased  charges. 

In  the  caw  of  the  aivtdlng  walls  In  an  smwnltlon 
factory,  the  wall  designed  to  withstand  10  kg  of 
uncased  TUT  proved  to  be  inadequate  for  the  1SS  m 
HE  grenade.  Tht  grenade  representing  a  casud  charge 
of  only  (.6  kg  of  explosives  required  a  wall  thick¬ 
ness  of  wore  than  twlca  at  such. 


2.  DEFINITION  OF  DAMAGE  CATEGORIES 

Damages  on  a  reinforced  concrete  wall  frow  near-by 
explosions  way  vary  frow  wlnor  cracks  up  to  coa- 
plate  perforation.  Figure  3  shows  an  overview  of 
characteristic  damegas.  For  the  assessment  of  the 
protection  provided  by  a  wall,  das, gt  effects  at 
Its  back  are  aost  relevant.  Three  damage  categories 
have  been  defined  for  the  evaluation  of  the  tests 
end  other  data: 

Dawag*  Category  0:  No  relevant  dawage  at  tht  back 

Dawage  Category  A:  Moderate  up  to  heavy  spalling 
at  the  back 

Dawage  Category  B:  complete,  open  perforation 

These  categories  are  rather  wide  and  do  not  repre¬ 
sent  a  sophisticated  system,  but  this  grouping  fa¬ 
cilitates  the  placing  o'  the  observed  Individual 
deaeees  in  the  groups  choose! ves.  These  daaaga 
categories  allow  to  draw  conclusions  with  respect 
to  the  lethality  of  parsons  exposed  behind  a  wall, 
or  for  a  detonation's  propagation  to  stored  emw- 
nltlon.  Sl.tce  such  considerations  usually  have  to 
be  based  on  pregwetic  approaches,  a  wore  detailed 
classification  of  the  damage  categories  would  not 
be  useful. 


3.  COMPILATION  OF  THE  EVALUATED  TESTS 


hmlnr  M 

ty»t  ta»t 

Quantity 

OUtMKS 

r 

Tbtcfcms 
•f  iltfe  t 

jgAae 

Dm  tMtt:  11 

rrwo  _ 

t  iterator,': 

Mil-  Kty 

i.a  •  a 7  u 

•  •1  a 

M  ■*•.*  a 

M»-U  ■ 

Cute  Barm 

tea  taatt:  IS 

».»  -I.K  W 

e-s  ■ 

1.1  -».*  a 

Vraw  „ 

It  ton  ton:  “ 

a.t  -  a  t| 

<  a-a  ■ 

i 

0.1  -1.1  a 

Using  all  133  tests  as  data  base,  the  variation  of  ■ 
the  following  parameters  has  been  Investigated:1 

-  Site  of  expletives  charge;  for  explosives  oth^r 

than  TNT,  the  TNT-equI valent  for  corresponding 
peak  overpressure  has  been  used.  v 

-  Charge  wiight  to  total  weight  ratio  for  cased 
charges 

-  Shape  of  charge 

-  Distance  frow  center  of  charge  to  slab  surface 

-  Thickness  of  concrete  slab 

-  Retnforcearnt  u  (weight  per  voluwe) 

-  Concrete  compression  strength 

-  Dawage  category  0 ,  A  or  B 

In  a  couple  of  tests,  additional  parameters  have 
been  Investigated  such  as  Initial  velocity  of  wall- 
debris,  their  travel  distance  and  mss.  Further¬ 
more,  data  frow  12  earlier  tests  with  bones  trd 
grenades  located  at  the  wall  Surface  below  ground 
(i.e.  tamped  charges)  have  been  Included. 


5.  RESULTS  OF  THE  INVESTIGATION 

The  previously  mentioned  tests  have  been  evaluated 
systematically  and  design  charts  have  been  deve¬ 
loped  showing  wall  thickness  versus  scaled  distance 
for  the  different  damage  categories.  It  was  found 
that  limited  variation  of  concrete  strength,  rein¬ 
forcement  and  charge  to  total  weight  ratio  for  ca¬ 
sed  charges  did  not  strongly  affect  the  results. 

But  the  observed  damage  was  considerably  wore  se¬ 
vere  when  the  reinforcement  of  the  concrete  was 
less  than  a  threshold  value  of  about  SO  kg/m3.  On 
the  other  hand,  the  extent  of  damage  attenuated  for 
cased  charges  if  the  weight  of  tht  casing  was  less 
than  AO  *  of  the  total  weight. 

In  Table  4  the  parameter  limits  for  the  succeeding 
design  charts  are  given.  Selecting  data  from  tests 
which  met  these  limits  allows  to  obtain  deer  re¬ 
sults. 

Figure  S  shows  the  design  chert  for  bare  explosives 
charges,  in  this  chart  the  two  axes  are  the  scaled 
well  thickness  end  tht  scaled  distance  of  tht 
charge  from  the  well  respectively.  Tha  lower  line 
represents  the  threshold  between  perforation  and 
spalling.  The  upper  line  correspondingly  represents 
tha  limit  between  the  spelling  category  and  the  one 
for  minor  demage.  Tha  two  threshold  lines  are  pa¬ 
rallel  in  this  log/log-plot,  I.e.  they  are  separat¬ 
ed  by  a  constant  factor.  Regarding  the  wall  thick¬ 
ness  ,  tha  factor  between  the  beginning  of  perfora¬ 
tion  and  spalling  at  the  back  is  always  two  for 
bare  charges. 
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Figure  6  shows  the  corresponding  plot  for  cased 
Charges,  1.0.  grenades  end  MAS.  The  threshold 
between  the  different  damage  cetegortes  Is  again 
Quito  sharp.  There  it  on*  pertlculer  data-point 
fro*  »n  older  test  with  SO  kg  boats  shown,  which 
does  not  fit  Into  Us  category.  At  t  scaled  dis¬ 
tant*  of  1.5  w/kg'/3  only  elnor  damage  mi  report¬ 
ed,  where*?  th»  chart  Indicates  thet  spiling  or 
perforation  should  occur,  host  to  this  point,  at  a 
scaled  distance  of  about  1.6  at/kgl/3  a  test  with  a 
heavily  cased  105  <*•  HE  projectile  produced  perfo¬ 
ration  slightly  above  the  threshold  line.  The  ana¬ 
lysis  of  the  test  has  led  to  the  conclusion  that 
damage  to  reinforced  concrete  wells  fro*  cased 
charges  Is  dominated  by  the  lapict  of  fragments, 
particularly  at  large  scaled  distances.  Of  course, 
the  ratio  of  net  explosives  charge  weight  to  total 
weight  Is  l^wrtant  for  the  damage  of  light  cased 
charges  in  the  transition  range  between  bare  and 
cased  charges.  This  para  water  has  not  been  studied 
In  lore  detail  yet. 

All  data  shown  In  Figure  6  are  based  nn  tests  with 
non- temped  grenades  and  bombs.  A  comparison  with 
rata  free  taaped  cased  charges  shows  good  agreearent 
•■nr  weapons  which  have  contact  with  the  exposed 
wall.  Tawing  has,  therefore,  only  little  effect  on 
the  damage  produced  by  ceted  charges  with  wall  con¬ 
tact. 

In  Figure  7  the  dawaging  effects  of  bare  and  cased 
charges  are  coopered.  For  a  given  wall  thickness, 
the  distance  required  to  avoid  perforation  Is  four 
to  ten  tlwis  larger  for  cased  charges  than  It  Is 
for  uncesad  charges  of  the  sane  explosive  weight. 
Vice  versa,  given  the  charge  Might  and  the  dis- 
t*"i,  th«  Mil  thickness  required  to  ivoid  perfo- 
r  inn  Is  up  to  three  tlees  larger  for  cased  than 
Ur  uncased  charges.  Hence.  It  becomes  evident  that 
•  inflating  local  affects  of  weapons  with  bare  char- 
-  as  often  don*  In  tests  for  practical  reasons 

-  may  lead  to  a  considerable  underestimation  of  the 
actual  affects.  Figure  6  gives  a  visual  Impression 
o*  the  damage  produced  by  two  different  types  of 
charges  placed  at  the  same  distance  from  a  rein¬ 
forces  wall . 

This  investigation  was  sponsored  by  the  Defense 
Technology  and  Procurement  Sroup,  TA  6,  of  the 
Swiss  Federal  Department  of  Defense.  The  results 
Including  numerous  pictures  from  tests  ere  pub¬ 
lished  in  the  following  reports  which  ere  available 
upon  request: 

-  Amt  flir  lundtsbeuten:  ’Sprengversuche  an  baton - 
wknden*.  Ernst  basler  t  Partners,  B  922.10, 
February  19BC 

-  &TUPP*  nir  Mstungsdlensta,  TA  6:  “Spremgversu- 
che  an  betonpletten*,  Ernst  lesltr  i  Partners , 

i  Jin-i,  jum  mi 

-  Oruppe  far  Attstungsdlenste,  TA  6:  ’Lokala  Scha- 
denwl rkumgen  an  betonplatten  durch  Sprengladun- 
gen*.  Emit  taster  A  Pertners,  8  3113.10-1, 

Sep*.  « 
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0—  af  Ik*  itmtiria  aklik  a—  ImM  la 
*mi  La  Kg.  1,  tk*  tlaar  kolgkt  af  Ik* 

«*JU  aaa  1.75  a.  7k*  par* «m tag*  at  Ik*  rar- 
ll«*l  ratifwiram  aai  O.OAJB  far  wail*  I*. 

5  *a4  4  amt  0.171  far  rail*  B*..i  *ai  2  vitk 
•  *tf*l  ***llf f  «f  500/590  U/amr  am*  420/500 
l/MT  Mip*«tia*ly,  MtlHUf  I*  0«r*M 
Ila*4*r4.t.  Tk*  **a*r*l*  Mapnaalra  airt—lk 
aa*  a— at  458/W  far  Ik*  flr*4  ini  *a4 
KH.W  f*r  Ik*  *tk*r  I— I*. 


I.  Irlil  k*—rlptl*a  at  Ik*  7**l* 

7t|.  I  akaw*  a  laat  wllk  2i.i  kg  04.  latag  a* 
•*«lnl**t  w*igkt  f**t«r  af  1.)  tka  a«ala4 
41al**aa  waa  0 . 4** 'kg 1  /J .  1*  it  a*a  k*  aaaa 
tk*  wall  waa  kir*aak*4  aamr  aa  am  *f  ak*«t 
1.5  *  *1414  a*4  (0  am  k*igkt.  7k*  firal 
■palliag  lafar  aaa  *k**l  10  I*  12  *a  141*4. 

Fig.  J  ak*w*  a—  tk*r  laat  aitk  aa  ******* 
aaipaa.  la  141a  aaa*  30  kg  BT  war*  a**4.  Ikl* 
r**all*  la  a  ***1*4  41aUa*«  af  C.4ta/kgi/3. 
Sm14m  a  ***441*4  «ral*r  M  Ik*  *al*14*  ul 
aa—  a**ll*r  *ra*k*  *a  Ik*  ia*14*  a*  firikar 
4*aaf*  a—  *k— r* *4. 

Fig.  4  akaw*  *  laal  ritk  a  o*a*4  a«ap*a.  la 
141a  aaa*  tkr  *L*rw*  might  w*a  tk*  *■—  aa  la 
l*at  a*.  2.  Tka  4,.ff*r«a**  la  r— 411  la  il#l* 
fiaaal.  law* rar.  It  skaal4  k*  **a*14«r*4  tkat 
tk*  aaaiag  4*4  *  *yure  cr*ae  **a41*a.  Tk* 
wall  waa  4r*aak*4  aaar  am  am  af  a4*at  2.10  a 
•1414  *a4  to  am  kalgkl. 

Tig.  5  akaw*  a  la*l  slnllar  t*  taal  Be.  3. 
l—»*r,  la  tkla  aaa*  14*  ***iag  4*4  *  air**. 
l*r  *r*M  *a*ll*a  »*.  tk*  *cpl*al*«  ****1*1*4 
•f  2i.(.  kg  FIB .  Qalag  *a  anmlnt  raijlt 
filial  af  i.J  tk*  ***1*4  ilit&Mi  waa  tk*  aaa* 
a*  tk  akat  Bs.  1.  Tk*  wall  **a  ala*  kr—k»4. 
Tk*  rw*a»*  f*r  mat  *41*  is  lag  *  *  ’>  »*r  1  j  l***li> 
*•4  b.rw*a k  algkl  4*  tkat  tk*  wall  *«t*4  Ilk*  a 
u*lil*rar  * ******  at  tl«  faal  Ikal  Ik*  **- 
Ira—*  apaalag  am  a  awal  palal  la  Ik*  l**4- 
kwrlag  aywtM.  Tk*  apalllag  lay* r  ka4  a 
Iki  ViHiaa  at  abaal  10  aa. 

rig.  <  akaw*  Ik*  rwaall  af  tk*  aa—  laat  vltk 
a  a— liar  waapaa.  Tk*  «kar«*  valgkt  waa  5*5  kg 
WB.  HU  tkla  Ike  atal«4  41ala—  a  kaaa— 
*k*al  0.44  a/kgl/5.  Tk*  iiaaaji  a—  a  11*11*4 
agaH  •*—  la  a  4*ptk  af  akaal  ij  «a.  Tk* 
ipalllug  layarw  ka4  #  tklah— a*  af  akaal  7  am. 
Tk*  era*  af  I— ga  a—  akaal  (0  aa  <rl4o  **4 
V0  aa  llgk. 

rig.  7  akaw*  tka  raaali  at  •  fall  mamla  laal 
wllk  a  Brtj.  fk*  akarg*  might  a—  202  kg 
TrlUaal  aklafc  raaalu  l*  a  ***1*4  41a U—  *  - 
•atag  1.0  aa  *—l*al*ai  walgkt  faatar  •  af 
akaal  0.51  h/k«VJ.  fk*  laaiga  •**  *  1  Let  1*4 
am all  4*wa  to  a  4*ptk  «f  akaal  10  aa  aitkla 
a*  ana  *f  akaal  2.5  *  ky  40  am. 


777 


MU  t  gloaa  •  m— Iry  af  rti  1H«  MU. 

M  lU  twtt  mm  laaal  *ffset» 

•*«r*U  rMi‘iw  l  *•  galcg  ta  4nl  MU  tka 
i»«.l  laaage  Ml;. 

).  TkMrlM 

J.  i  LmMii  »f  tk#  MU 

A  teapartosa  «f  twu  «*.  ;  u<  h.  )  (thtagh 
with  a  a^MM  nsiag)  h.  *  »w«  that 
tk*  *oatrlb*tl*a  U  the  total  1m4  sf>pli«4 
to  tka  wii  h;  rn^uuMt*  cacaot  ba  •*«■ 
l*otel.  Chaoglag  »•  r iMMtir  nlf  -  t.a. 
ilittj  a  hm  -  tka  daMg*  t*  the  all  Ik* 
erecaaa  fro®  alaast  *e  4 -wage  aa  the  ladle 
U  «  total  breed  a?  tka  Ball. 

Tk*  Mat  fait  «m  alaa  OtiraUM  l»  Jaf.  1. 
fig.  A  akaaa  a  awa«>7  of  tka  oark  which  aaa 
tut  for  that  report  **4  akaaa  a  reoparlasa 
of  the  ai.aat  af  taUgt  far  aaa*d  asl  waaa- 
a*4  ikorgw.  Baity  tkla  mfk  kkaaa  la  t 
fttriy  |M  *ir«*n<t  with  tka  raaalte.  M* 
ly  tk*  f»U-*aal*  taat  (Ha.  6)  aak  tka  taat 
itl *2  eh  (He.  1)  4a  Mt  aatak.  Taat  Ba.  $ 
shtall  have  r  l  *14*4  a  breach  lasted  af 
a^m>(.  leweoer,  tk«  4**1* lias  la  aa*  toe 
4r*atto.  Tka  remit  af  taat  l«.  1  4«**a  aat 
aateb  at  all.  Aeeordag  t«  t\e  graph  tka 
raael  t  akaal4  kaaa  kaaa  apaUlhg  milt  la- 
ataad  «  tat  a  krtatk. 

It  ak««14  he  aata4  that  tkla  gttpk  la  atrie- 
tlj  pared  aa  taat  result*  a*«  tbwa  . -.r-.ala 
llaltatlaae  have  to  ko  ohaarwad.  Me  raria- 
tiaa  af  *.«.  aoaarato  yaellty,  per  os*  tape 
af  laiafwtMtiti  •Wilt  thlakaaaa  ate.  la 
«nil4*ra4,  Sava  ear .  tk*  t*a4aa*r  af  ak  ti- 
*r*oa*4  Mats*  akaa  he»iwg  f»|M*UU»»  1* 
ala*  ah«m  by  tkla  graph. 

TkW,  tka  aasalaala*  la  that  far  fartkar 
Mloalatleae  a  aoahlaed  leadlag  aaaa*4  by 
klaat  *a  veil  aa  by  frwgaaotatlaa  bae  t*  b« 
«etal4*r*4. 

J.J  rmnr*>n*«  Blatary  for  *  Cylla4rla«l 
Chary* 

Pa*  to  tk*  laW  af  roll  able  4a te  to  aalaalata 
tk*  praiaara-tlaa  blatary  far  ayllalrlsal 
tkirg**  aa*  baa  to  *M  atkar  K*a*4tra*.  0*a 
possibility  *l«kt  ba  to  oaa  tbo  graph*  far 
haaleybarteal  «t*nw  -  e.g.  W.  7  -  ahlab 
flee  fairly  fto4  ratalta.  Bev***?,  aa  It  will 
ba  ik*«i  latar  oa  it  la  lapertaat  to  have  a 
«e*4  l*«*riptt*a  of  tk*  yraaaara  attk  raa> 
pact  to  the  tlaa. 

la  oxtaalta  roaoarak  aark  eeaeerdag  tkla 
topi*  vea  garfuMf  la  terasay  aa4  ta  laa- 
«rtb»4  la  taf.  S.  Iwtwr,  asm  af  tk*  aaa- 
•laaioaa  -  Mtwlall}  tka  ratiwwW  table** 
are  gaftuily  itilwllat.  Tk  are  faro  they  kaaa 
to  b*  r*«i**4  ahlab  will  ba  4aao  aithia  tka 
mt  ample  af  aoatka.  la  a441ti*a  to  tkla 
ao*«  work  will  ba  4*ao  to  aawpart  aaa*4  aa4 
nwa*4  eyliatrioal  short**, 
la  Share  la  M  farther  tkeoratltal  *r  **p*- 
rlwafal  war*  available  to  ay  kaawlelg*,  aaa 
kaa  ta  raly  aa  those  nytrtaaiUl  kata.  B*w- 
•*«r,  wj  littla  kata  ara  aaailaklc  far  the 
oeeyoa/a  treat  are  ••aflyrati**  omeleered  la 


tkla  yab*r>  t.a.  a  aaa 1*4  dtetaae*  af  akaat 
0.5  a/k«'/2  (t.0ft,*lk''5). 

Tbo  prebias  af  baamriag  4a t*  altkta  tkia 
r«H«t  1*  that  w*  or*  atill  la  tk*  regie*  af 
tka  flra  boll  w4  la  a441SlM  -  If  fragmd*- 
tlaa  la  lavaloak  -  oary  heavy  laatgt  la  ta  b* 
espsstal  aspect all?  ta  the  gagas  <lr««tly 
opposite  tka  chary*  aa  tka  wall. 

Bataaaa  af  all  tkoaa  4ifflaaltlaa  l  aa  go  lag 
ta  aaa  r  o*4lfi*4  ttptrlMtUl  preeawn-tla* 
blatary  aalag  a  fraa  ft *14  twairiMit  aa4 
mltiplylsg  it  by  tka  nfltatlaa  faster  re- 
»wntaa4a4  la  Bat.  ?. 

A  ititiry  af  all  praamre  lata  oa*4  far  far¬ 
ther  eaaallarattoa  ta  gloss  la  fl|.  5.  taf.  5 
above  that  there  la  tlMt  aa  llffwraaaa  bat- 
mt  aa  osyaaocttol  u4  a  trlaagvlar  typo  of 
preaswre  llatrlkatlaa  if  apalllay  la  eaoaar- 
ao4.  Tkaa,  far  further  ealtwlatlsas  the  trlas- 
gvlar  pressure  poise  -  aa  shew*  la  fig.  9  with 
4otts4  llaso  -  la  uot. 

5.5  Im4  by  fnyiwtailM 

la  tMtttw  ta  tka  blast  la*4  tk*  frayeoete- 
ties  aaatrlkataa  a  aoaallarakla  psrtlaa  ta 
tka  total  laal  appllal  ta  tka  vail.  Tka  vest 
appropriate  way  aaallaklo  at  tkla  tut  ta  cal- 
ealata  tkia  laal  aoawa  t*  ko  tka  aaa  Isssrihsl 
la  kef.  \  wkiah  la  sagpstel  ta  be  a  re*ia*4 
•era tea  af  tka  aarraapaallag  akaptara  la  Baf. 

7.  Bawaoar,  saws  rsasareh  work  la  wafer  pro¬ 
gress  la  Oaraaay  ta  teveatlgata  tka  loellog 
aaaaal  by  fro  pass  tat  lea.  Bat,  bauwae  It  la 
rery  llffioalt  ta  ftal  aa  aaawar  4wa  ta  the 
laflaeaeo  af  statistical  offtake  cal  the 
tawtlM  af  aaallay  frayaoatatlaa  tkla  laoeatl- 
retiea  aay  wary  wall  taka  a  Isay  Mao. 

Thosi  aalag  Bof.  t  wo  eaa  ealswlate  the  yeooral 
fro  geests  Mas  parowaisr  j  like 
fronts*  tatlaa  llatrtkatlc* , 
total  Beak  or  of  prlaery  fingboata, 
laltlal  wlieltp, 

aroo  of  layaet  aaawalay  a  ear  tala  eagle  of 

lf»*r  that  tka  fnypwti  are  grmpal  aasardt&g 
te  ibslr  weight .  Far  soak  grasp  wa  aaa  eal es¬ 
tate 

anregt  fregaont  weight, 

1  apart  ooloelty, 
arrival  Mm, 

a taker  of  fragaenta  kltttag  tka  area  oaaai- 
lorel, 

paMtratloa  lepth, 

Awratlaa  of  peaatrstiaa  wtwltg  that  the 
f  regaai  1  la  l  tael  orated  11a  early  fna  Ms 
lapse t  eslosily  at  tka  awrfaao  ta  aar*  at  a 
aalswlatal  paaetratlea  4*p«a, 
prior* re  applied  te  tka  eaaatrwatlaa  weaker 
r await log  frwr  tk*  paawtrwtiae. 
loMarlalag  all  fiwyaaatatiaa  graapa  aaa  gate 
•  prsaran-tiM  history  aaaaal  by  fiwgmwttn 
eaiy. 

Ba  bars  kaaa  aalag  a  aaapwter  pragraa  far  tk* 
greiagar*  Cora rl had  above.  I*  we  get  a  rwpre- 
Matatlwa  prawawro  ttaa  blatary  aa  skew  la 

fig.  to. 

It  akaall  ba  waitlKwl  that  tkla  laal  la 
striatly  baael  aa  Uierttlwl  wwiltuHwt 
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«»«  that  it  reprea— ta  •  at*>latltal 
Imur,  at  thi  (HMt!  tla*  it  itM<  t*  k« 
sh*  -at  appropriate  aay  t*  —  1**  the 
thsigh  It  •  *— •  t*  b»  ter  1 f 1  —  by  'tp*rla*..t*l 

—rh. 

3  »  Coabia—  lapela* 

fh*  tesblb—  yrw«r«-tlM  hlatarlea  Tar  (Mil 
We.  h,  V  aa*  t  are  the—  It  Fig.  1  aa*  git* 
a  literal  *  1  e*  tgayerlii  beta  prt— art  pel- 

*««. 

It  aay  teat  the  blast  leal  atta  (be  atreilare 
ftrat.  fate,  at  It  »m  be  abe«  later  ea  tbe 
f rtfaeata  are  htttlag  a  ytaelbl;  eeabeaeb 

atrseteral  —a her. 

It  eaa  alaa  ba  tea*  that  tbe  (Ml  ******  by 
frtpniatkM  la  bM-'lj  leyetMit  aa  tbe 
ataaief f  dlataaie.  Thergh  la  all  three  teat* 
aeaalderH  la  lb.*  ’’e|tir  tbe  titled  41a- 
tetie  -  aa*  with  tbla  tbe  peak  elaat  prea- 
atre  •  la  the  ease ,  the  preeaer*  yul  aa  wall 
aa  the  arrieal  tiaa  *—  tbt  haratlaa  or  taa 
unaware  —la*  —as—  by  frag— stall  —  ’try 
**— Ktarably .  kef.  <  gl*—  aaae  paraseter* 
far  M«llt|  tbe  paaetrali  —  pr  **•***».  Ob- 
eteaaly  la  tbla  aaae  aaae  of  the  beaagary 
eeabltleaa  are  tlelei  — .  Certalaly  tbe  abaft 
ee4  weight  af  tee  * regee* t*  wary  aa  well  aa 
tbe  las** 5  eeloelty. 

Were  raaaarak  wark  baa  te  be  beat  te  laeeatl- 
gete  the  pr— lew  ef  aaallai  tb*  lo*illa(  in¬ 
let  by  fragseatatl  — . 

3-3  (fall lag  Weebaal aa 

The  —at  enaaia  tteeretlu.  aoletlaa  far  aal- 
eeletlag  epelliag  effeeta  la  4— erlb—  e.«. 
la  lit.  J.  1b*  yrlMlylM  ef  tb*  aaleala- 
(tea*  are  t*  rafleet  tb*  ureaaurt  war*  after 
l*tlt*g  It  trawal  ihreegh  tb*  atraetaral  s— - 
kert  te  tb*  fra*  laaar  awrfae*.  The  — gattog* 
ef  tbla  rafleet**  wae*  -  a  teaall*  wee*  - 
eight  be  awfticleat  te  yr*4*i«  fraetaraa  aaar 
tb*  ear  fee  * .  kef.  3  glee*  a  p-ophleal  eetbeg 
af  aaletiaa  aa  wall  aa  aa  aalyll—1  na.  Far 
a  e**bU*4  bleat  -  f  re— **  tat  to*  tayela  It 
Bight  be  war*  lyynyrlate  te  «*>  tb*  graphleal 
ea*. 

low* ter ,  *•■*  lannylleu  bat*  to  be  tale  te 
tlapHf;  tb*  eel  tele  t  lea .  at  flrat,  at  tb* 
free  nrfMi  —real  rafieatlea  wlM  t*  eaa- 
aigar—  ealy.  Setae*,  a  aheap*  ef  tb*  4ere- 
(iea  ef  tb*  pr— re  wae*  will  be  aagl— t  — . 
!blr4,  a  aertala  altaaaatlea  will  be  eaa- 
•1 gar—  wfeteb  la  aa— — *  t*  be  abaet  (01  lie 
to  aelerlal  tr***>'tlM  aa4  gaeaetrlaal  eaafl- 
garattaae. 

Te  talitUlt  tba  thlakue— »  af  the  apalllag 
layer  ea  well  a a  lb*  •y*Ut*|  tele* tty  it  la 
aeeeaaary  te  kaet  tba  taaalla  etreertb  af  tb* 
aetai-lal  of  tbe  atrmaterml  aaaber.  Aa  the  taa* 
(Mil  with  la  tble  wafer  ware  **— aat— 
egblaat  a— arete  lergete  tb*  gyasxl*  teaall* 
etr— gth  af  eeaaret*  baa  ta  it  4*t*rala*4. 

Tbla  la  a  glffi**lt  frabl—  fee— oat  af  tb* 
feet  that  — aerate  la  t  tery  lab— egeaaaa  —  - 
t trial.  fbH|k  ‘.bare  la  e  protege  re  ta  gatar- 
«la*  tb*  —terete  teaall*  atraagtb  tb*  r— alt* 
ere  **  la— t  gee* tie—  hie. 


Tbee,  ea*  teas—  ly  emeei  e  <*tl*  teaatle 
etr— gth  of  ab— t  10#  af  tb*  c— fre— lee 
tlreaglb.  Aa  ehewe  la  Fig.  If  -  take*  fre* 
kef.  1  -  the  gymaait  t— freaelte  atrebgtb  1* 
gape— eat  aa  tb*  1— gleg  ret*.  Far  the—  tttte 
aa*  baa  ta  a—  *  a  freeware  rtea  t la*  wbttk 
will  be  ta  tb*  reage  ef  sheet  0.03  — ee .  Thee, 

— a*g  —  a  yeti  freaaer*  ef  abaet  hOO  bar  • 

3*90  fat  the  rata  *.'  tire—  la  abaet  (0*.  with 
tbla,  —  are  aat*14t  tba  raage  gl**ft  la  tb* 
graph  **g  aa*  ku  te  eatrafalet*.  Tb-  laereee* 
ef  the  aketle  te— 11*  atreagtb  *111  b*  abeet 
330*.  Wltu  tbla  tb*  te— 11*  atreagtb  bee— 

rt  .  o.i  •  tyo  ■  3.5  .  &?.•(**/—' * 

fer  test  Re.  ’  sag 

rt  •  O.i  •  300  3-3  •  (T3bf/— J 

far  taata  We.  1  te  1. 

Severer,  by  ealaalatlag  tb*  afellleg  *ffe«t* 
ea*  a—  te  ebatre*  that  tba  Halt  veletlty  ef 
tb*  e— tret*  la  —  t  eieeegeg.  Tb*  as— at  ef 
tbla  Halt  eelaelty  la  ab—  t  13  a/o*».  If  tbla 
eelet  la  axe  tag  *4  tba  *— eratt  will  be  bit— 

—  t  sag  a  hr—  eh  will  be  tb*  re— It. 

t.  Applies tl—  ef  tb*  Tb— ry 

A— lag  a  trtaagwlar  fra— are  gtatrlbatle* 
allhit  tb*  —11  —  —all— eg  abet*  ee*  get* 
the  fre— are  —  te/e  tree  ter*  t— flgaratlaa  ea 
abawa  la  Fig.  13  a.g.  far  teat  Re.  k,  —  ee* 
b*  eeee,  tb*  g*a*g*  aeebael—  ******  by  tb* 
bleat  — e*  takea  flat*  flrat  *  —  after  tkat 
tk*  fre— er*  — **  ******  by  fragaeatetloa  bit* 
a  waabeaeg  —11,  Tbla  faet  expiate#  tb*  la* 
er— a*  ef  da— ge  by  eaaeg  charge*.  To  eelee- 
late  tb*  giweaalea*  ef  tb*  preeaer*  —  »*,  l.e. 
eiyetltUy  the  leagtb,  a  eel— te  eel—  ity  for 
e— *.*t*  of  abaet  JkOO  *.'**«  —a  a— eg. 

With  tb*  far—  lee  git—  la  kef.  3  •*•  as* 

—ally  ealaelata  tbe  tblekae—  ef  tb*  spall  lag 
layers  —  —11  —  tbalr  tele* Itlea.  leases*  of 
tb*  faet  that  tb*  rla*  tlwe  fer  tb*  fra* aer* 

— e—  1*  *******  t*  b*  t*ro  tb*  thltkeae*  of 
tb*  *lf for— t  a—lllag  layer*  la  —**1  as*  the 
tel— Ity  *— r— w—  by  a  fix—  as— at  fer  —  eb 
layer.  Table  i  git—  a  geaeral  tie*  af  all 
taata  eeleelat  — .  Tba  ra— lta  agraa  fairly 
—1?  with  tba  t— t  ra— lta.  l—ater,  la  aa 
ea aa  tb  a  — leelat—  a  fall  lag  talaalty  ex**— a 
tb*  Halt  tel  — ity  —  a— tie*—  *— te. 

Tbla  table  al—  — *—  that  aeallag  af  frags** - 
t*ti—  effaata  la  tary  **—  tie— bl*.  Tboegb  *11 
t— t*  —re  •— **« tel  —lag  tb*  a— *  —ale* 
*lat— *e  tb*  yaab  la—  —  well  —  tb*  effect  of 
tb*  frags— tail—  tart—  ea—  1* trebly, 
la  a  ft— 1  stay  —  bate  —  teral  pa—  ihiUtl  — 
fer  ealaalatlag  tb*  *— age  pr—  asa  go  lag  — . 
—at  appropriate  — y  1*  t*  ee—  tger  tb*  1— 14* 
wall  ret  afar*— aat  — llag  a*  a  a— bree  j  als—  t 
lib*  a  spall  plat*.  law  ewer,  —a  mala  pr— 1  — 
la  *— elgarlag  a  eeabrut  type  r—  etl—  af  tb* 
relmfera— t  la  that  —  —  te  t «  ******  *  seffi 
*1— t  —fe— nat  leagtb.  Tbla  sight  b a  tery 
gmeftle— bl*  —p— tally  —  la  tbe  t— t*  4—  it 
eltb  la  this  paper  lb*  wasp—  w—  pleat*  at  tb* 
f— tlag  of  th*  —u  whlth  a?— r—  tiy  sight  b*  * 
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week  pedat  i»  the  et  natural  d saiga. 
Safortaaately  the  tlse  dees  ut  alia*  to  go 
lato  aan  detail  ooaceralEg  this  ealeulatloa 
proeadare. 

5.  Conclusion  aa4  iwaiaMtotloM 

To  a?  kaovlodge  there  la  at  prose*  t  ao  better 
way  of  theoretleally  eclviag  tha  problee  of  a 
eloaa  distance  detoaatiaa. 

Boweuer.  heeaaaa  this  la  a  vary  coaasi  throat 
ooafigwratioa  la  standard  eaneantlsMl  wea- 
poaa  offsets  design  aaeh  aoaa  raaaareh  - 
theoretically  sad  exporlaeatelly  •  should  ba 
perfornsd  to  gat  a  hotter  kaewledgs  la  this 
area.  Sons  work  la  aadar  way  e.g.  wlthla  tha 
OS  Air  fore*  supported  by  tha  OS  Any  Water¬ 
ways  Experiacat  Statics  sod  w*  will  he? a  aoaa 
sore  tasts  wlthla  tha  aazt  year  la  OartBaay. 

Boweuer.  It  should  ba  aaatloaad  that,  though 
tha  testa  daaerlbod  la  this  paper,  produced 
considerable  dosage  la  aosa  oases,  wa  foaad 
a  eery  easy-to-eoastruot  and  cheap  aethod  to 
upgrade  the  wall  by  saaaa  of  boras  or  ooa- 
crata  slabs.  Tha  aala  objootlvaa  of  thoao  up- 
gradlag  ayatesa  la  to  eat  tha  peak  of  tha 
blast  pressure  and  pretest  tha  fra^sata  froa 
hitting  the  wall  by  aeaas  of  an  alaatlc  aad 
coapraoalhle  daalga. 
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Fig  2a  Test  Nol  -  outside  damage 


Fig  2b  Test  Nol  -  inside  damage 


Fig 4a  Test  No3  -  outside  damage 


Ftg4b  Test  No 3  -  insid*  damage 
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